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Preface 

This  article  provides  the  scientific  and  engineering  community  with  a  summary  of  the 
technical  status  and  experimental  accomplishments  of  the  In  Situ  Heat  Transfer  Experi¬ 
ment  (ISHTE)  as  of  the  time  of  the  project’s  termination.  Vast  amounts  of  technical 
effort  and  monetary  resources  were  expended  to  achieve  the  objects  defined  in  the 
ISHTE.  Exciting  new  scientific  and  engineering  successes  were  realized  during  the  life 
of  the  ISHTE,  and  the  technology  has  direct  application  to  various  present  and  future 
deep-sea  studies.  This  study  provides  an  excellent  review  of  (1)  the  deep-ocean  technol¬ 
ogy  systems  and  subsystems  developed  for  the  ISHTE;  (2)  system  performance  and 
evaluation;  (3)  limited  but  important  laboratory  and  in  situ  deep-ocean  test  results;  (4) 
initial,  but  significant,  scientific  analyses  of  data;  and  (5)  a  good  cross-section  of  litera¬ 
ture  and  source  materials  for  the  reader  desiring  additional  detailed  information  about 
the  ISHTE. 

The  ISHTE  was  originally  limited  to  the  validation  of  laboratory  measurements  and 
analytical  computer  models  of  waste-sediment  thermomechanical  interactions  and  the 
development  of  capabilities  to  perform  long-term  scientific  experiments  in  the  deep- 
ocean  environment.  Later,  the  project  developed  into  an  interdisciplinary  experiment 
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with  multi-institution  participation  that  provided  a  unique  opportunity  for  enhanced  and 
expanded  scientific  and  engineering  returns  and  cost  effectiveness.  Much  of  the  motiva¬ 
tion  for  this  project  originated  from  the  perceived  need  to  evaluate  the  potential  use  of 
deep-sea  deposits  for  radioactive  waste  disposal,  especially  in  terms  of  long-term  con¬ 
tainment  (Hollister  1977). 

In  addition  to  the  rigorous  state-of-the-art  engineering  required  for  a  planned  1-year 
deployment  in  a  hostile  deep-sea  environment,  the  ISHTE  developed  into  a  major  project 
that  included  the  following  experiments: 

•  In  situ  thermal  conductivity 

•  Temperature 

•  Pore  water  pressure 

•  Ion  migration 

•  Pore  water  chemistry 

•  Shear  strength 

•  Posttest  cores 

Data  acquisition  and  the  integration  of  all  experiments  and  subsystems  into  a  workable 
and  durable  deep-sea  system  was  a  major  task.  The  design  of  the  ISHTE  platform, 
including  remote  data  collection,  was  .  .  a  technological  achievement  comparable  to 
designing  the  original  lunar  lander”  (Briefing  Book  1985,  p.  18). 

This  article  not  only  reviews  the  technical  aspects  of  the  ISHTE  but  also  describes 
the  relevance  of  the  project  to  the  Subseabed  Disposal  Program.  Because  of  the  impor¬ 
tance  of  the  ISHTE  and  its  relationship  to  subseabed  disposal  in  the  deep  ocean,  the 
scientific  and  engineering  achievements  undoubtedly  will  be  the  springboard  for  future 
related  thrusts  and  applications  during  the  decade  of  the  1990s  and  into  the  21st  century. 
Any  scientific  or  engineering  research  situation  concerned  with  the  deep-sea  floor  w  ill 
benefit  enormously  from  the  knowledge  gained  during  the  ISHTE.  Communications 
with  the  principal  investigators  are  encouraged. 

Richard  H.  Bennett 
Seafloor  Geosciences  Division 
Naval  Oceanographic  and  Atmospheric  Research  Laboratory 

Stennis  Space  Center.  Mississippi 
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Nomenclature 

ADM 

action  description  memorandum 

a 

radius  of  thermal  conductivity 

APL 

Applied  Physics  Laboratory  of  the 

probe 

University  of  Washington 

Ch 

coefficient  of  horizontal 

BCH 

Bose-Chaudhuri-Hocqueghem  (code) 

consolidation 

CRT 

cathode-ray  tube 

CP 

specific  heat  at  constant  pressure 

DPSK 

differential  phase  shift  keyed 

c, 

coefficient  of  vertical 

EA 

environmental  assessment 

consolidation 

FSA 

fuel  sphere  assembly 

g 

acceleration  of  gravity 

GISSP 

geotechnical  in  situ  strength  probe 

k 

permeability 

GPC 

giant  piston  core 

distribution  coefficient 

HLC 

hydrostatic  core 

°'e 

effective  vertical  stress 

1HS 

isotopic  heat  source 

Q 

thermal  power 

ISHTE 

in  situ  heat  transfer 

Ra 

Rayleigh  number 

experiment 

su 

Undrained  shear  strength 

ISIMU 

ISHTE  simulation 

AT 

Temperature  rise  of  thermal 

ISV 

in  situ  vane 

conductivity,  probe 

MANOP 

Manganese  Nodule  Program 

t 

Time 

MPG 

midplate,  midgyre 

V- 

Ambient  excess  pressure 

NORDA* 

Naval  Ocean  Research  and 

u, 

Excess  pore  water  pressure 

Development  Activity 

(mechanically  induced) 

NSRDC 

Naval  Ship  Research  and  Development 

a 

Effective  thermal  diffusivity  of 

Center 

sediment 

PSK 

phase-shift-keyed 

& 

Thermal  expansion  coefficient  or 

RAM 

random  access  memory 

seawater 

RTG 

radioisotopic  thermoelectric  generator 

K 

Effective  thermal  conductivity 

SARP 

Safety  Analysis  Report  for  Packaging 

K< 

Thermal  conductivity  of  solid 

SDP 

Subseabed  Dispersal  Program 

Kn. 

Thermal  conductivity  of  water 

SNLA 

Sandia  National  Laboratories, 

p 

Viscosity  of  seawater 

Albuquerque 

Po 

Density  of  seawater 

UR1 

University  of  Rhode  Island,  Kingston 

Ps 

Density  of  sediment 

WHOI 

Woods  Hole  Oceanographic  Institution 

T 

Fourier  number  (nondimensional 

time) 

Porosity  of  sediment 

♦Renamed  NOARL  (Naval  Oceanographic  and  Atmospheric  Research  Laboratory) 

Introduction 

The  Subseabed  Disposal  Program  (SDP)  is  concerned  with  assessing  the  technologic  and 
environmental  feasibility  of  using  geologic  formations  in  the  deep  ocean  as  possible 
disposal  sites  for  nuclear  waste  (Bishop  and  Hollister  1974;  Hollister  1977;  Anderson 
1979).  The  oceans  cover  about  70%  of  the  surface  of  the  earth  and  contain  a  wide 
variety  of  geologic  formations.  The  formation  of  the  SDP  in  1975  was  prompted  by  the 
premise  that  such  a  large  portion  of  the  earth  should  not  be  excluded  as  a  possible 
repository  for  nuclear  waste.  The  studies  to  date  (Heath  et  al.  1980;  Silva  1980;  Hollis¬ 
ter,  Anderson,  and  Heath  1981)  indicate  that  red  clay  sediments  at  ocean  depths  greater 
than  5000  m,  near  the  central  portions  of  tectonic  plates  and  in  regions  of  low  bottom 
currents,  appear  to  have  the  necessary  characteristics  for  long-term  isolation  of  nuclear 
waste.  Of  particular  interest  are  illite  and  smectite  clays  at  several  sites  in  the  central 
North  Pacific  and  eastern  North  Atlantic.  The  sites  being  evaluated  were  selected  on  the 
basis  of  the  following  criteria. 
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(1)  Tectonic  stability.  The  area  should  have  low  earthquake  and  volcanic  activity, 
with  minimum  evidence  of  recent  faulting  and  no  evidence  of  ciosion  pro¬ 
cesses. 

(2)  Predictability.  Because  the  lifetime  of  some  radionuclides  in  the  waste  is  on  the 
order  of  millions  of  years,  geological  changes  in  the  area  should  be  predictable 
(within  the  same  time  scale)  from  historical  data  and  extrapolation  of  known 
physical  processes  (plate  tectonics  and  sedimentation). The  area  should  also 
have  vertical  and  lateral  uniformity  on  a  scale  suitable  for  use  as  a  nuclear 
waste  repository. 

(3)  Minimum  resources.  The  area  should  be  a  marine  “desert.”  where  the  biologic 
activity,  present  and  past,  is  restricted  to  a  low  level  by  the  absence  of  nutrients 
and  light  and  where  there  are  few  or  no  mineral  resources. 

These  criteria  appear  to  be  met  by  the  ocean  abyssal  hill  provinces  in  the  central  regions 
of  tectonic  plates. 

In  the  disposal  concept  that  was  envisaged  by  the  SDP.  emplaced  nuclear  waste  is  to 
be  contained  in  the  ocean  environment  by  a  series  of  barriers:  (1)  the  waste  form.  (2)  the 
waste  canister,  (3)  the  sediment  within  which  the  waste  is  placed.  (4)  the  benthic  bound¬ 
ary  layer,  and  (5)  the  water  column.  Because  the  benthic  boundary  layer  and  the  water 
column  act  to  dilute  and  disperse  any  radionuclides  that  might  escape  from  the  seabed, 
their  behavior  must  be  characterized  and  included  in  environmental  impact  assessments. 
The  primary  barriers  are  assumed  to  be  the  waste  form,  canister,  and  sediment  layer, 
however. 

The  canister  isolates  the  waste  from  the  corrosive  environment  produced  by  the 
seawater-sediment  chemical  reactions  that  occur  when  the  sediment  temperature  is  ele¬ 
vated  during  the  fission  product-dominated  heat-generation  period.  Development  of  the 
waste  form,  which  will  be  designed  to  resist  leaching  of  the  radionuclides  awaits  more 
detailed  information  about  the  environment  in  which  it  must  survive. 

The  sediment  layers  are  intended  to  be  the  major  long-term  ( 104  to  10'  years) 
containment  barrier.  The  areas  of  interaction  between  the  heat  and  radiation  from  the 
waste  and  the  sediment  must  be  thoroughly  understood.  Specific  study  areas  in  the  near 
field  included: 

•  capacity  of  the  sediment  to  transport  thermal  energy  away  from  the  canister  to 
prevent  overheating 

•  capability  of  the  sediment  securely  to  restrain  the  canister  from  moving 

•  chemical  and  mineralogical  changes  induced  by  thermally  activated  reactions 

•  pressure  build-up  caused  by  thermal  expansion  of  pore  water 

•  permeability  change  of  the  sediment  induced  by  pore  water  expansion  and  chemi¬ 
cal  alteration 

•  radionuclide  sorption  characteristics  of  the  sediments  in  both  the  heated  region 
and  the  cooler  regions  remote  from  the  canister 

These  interactions  were  investigated  by  analytic  methods,  computer  models,  and  sup¬ 
porting  laboratory  experiments.  The  overall  objectives  of  the  model  and  laboratory  stud¬ 
ies  were  to  develop  means  of  predicting  the  long-term  response  of  the  waste-sediment 
system  to  define  problem  areas,  to  propose  solutions,  to  develop  an  optimum  system 
design,  and  to  ensure  that  the  design  is  safe. 

The  approach  to  the  model  development  was  to  form  a  physical-mathematic- 
computer  description  of  a  process;  to  measure,  as  well  as  possible,  associated  phenom¬ 
ena  and  properties  in  the  laboratory;  to  make  predictions  and  to  run  confirming  in  situ 
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experiments;  and.  finally,  to  modify  or  improve  the  fundamental  knowledge  of  the  pro¬ 
cess  and  the  predictive  tools  if  required.  Models  to  describe  the  heat  transfer,  fluid- (low. 
geochemical,  and  radionuclide  migration  processes  in  the  seabed  sediment  that  were 
under  development  showed  significant  promise. 

Thermal  Studies 

Thermal  and  fluid  transport  processes  have  been  investigated  analytically  by  Hickox  and 
Watts  (1980a.  b)  for  an  ideal  situation.  Their  analysis  shows  that,  for  the  small  Rayleigh 
numbet  anticipated  for  proposed  emplacement  schemes,  the  fluid  velocity  induced  by  the 
heating  was  so  small  that  the  energy  transport  could  be  assumed  to  occur  solely  by  thermal 
conduction.  The  total  fluid  particle  displacement  that  occurs  as  a  result  of  heating  also  was 
shown  to  be  insignificant.  A  more  detailed  analysis  (Hickox  et  al.  1980)  that  used  a 
computer  model  (Gartling  and  Hickox  1982a.  b)  resulted  in  the  same  conclusion. 

In  both  the  approaches  described,  the  porous  matrix  was  assumed  to  be  rigid;  the 
Boussinesq  approximation  was  used  (fluid  density  changes  are  accounted  for  only  in  the 
buoyancy  term  in  the  equations  of  motion),  and  Darcy's  law  was  taken  as  an  adequate 
model  for  fluid  flow  in  the  porous  matrix.  Analysis  of  the  problem  with  another  approach 
(Pruess  and  Schroeder  1980)  that  does  not  incorporate  the  Boussinesq  approximation  gave 
similar  results  for  the  thermal  field  but  resulted  in  significantly  higher  pore  fluid  pressures 
(Hickox  and  Eaton  1980).  which  for  a  rigid  matrix  could  indicate  rupture  of  the  sediment. 
A  more  complete  model  of  the  response  that  allows  for  sediment  deformation  is  being 
developed,  but  actual  predictions  are  some  time  away  because  of  the  lack  of  appropriate 
physical  property  data.  It  should  be  noted  that  a  model  incorporating  sediment  deforma¬ 
tions  was  developed  by  Cambridge  University  (Savvidon  1988). 

Thermal,  physical,  and  chemical  properties  of  sediments  were  measured  in  the  labora¬ 
tory  (Hadley.  McVey.  and  Morin  1980;  Silva  and  Calnan  1981 ;  McVey  et  al.  1983;  Miller. 
Miller,  and  Olson  1982)  to  support  the  development  of  analytic  models.  The  measurements 
were  made  on  sediment  samples  cored  or  dredged  from  the  seabed  area  of  interest.  For 
measurements,  the  sediments  were  processed  and  reconsolidated.  The  extent  to  which 
structural  and  chemical  changes  arc  produced  in  the  sediment  by  coring  or  dredging,  pore 
water  expansion,  and  teniperature  change  during  recovery,  pr<x'«»ssing,  and  reconsolidation 
is  undefined.  Although  these  changes  are  thought  to  be  small,  continuation  is  required. 
This  confirmation  is  being  sought  as  part  of  the  ongoing  experimental  effort.  Investigations 
of  the  sediment  microfabric  of  undisturbed  and  remolded  iSHTE  simulation  samples  re¬ 
veal  common  microstructural  features  (Bennett  et  al.  1985a).  The  illitc  sediment  appeals  (o 
be  a  reasonably  good  material  for  reconstituting  to  in  situ  porosities  for  ISHTE-type 
experimental  work  (Bennett  et  al.  1986a,  b;  Burkett  et  al.  1987). 

Thermal  conductivity  and  thermal  diffusivity  of  illite  and  smectite  were  measured  at 
600  bar  over  the  temperature  range  of  20°  to  350 °C  (Hadley.  McVey,  and  Morin  1980). 
The  results  were  correlated  analytically  by  a  model  that  assumes  parallel  thermal  resis¬ 
tances  of  the  water  component  and  sediment  matrix. 

The  effects  of  decay  heat  on  the  geochemistry  of  the  seawater-sediment  mixture 
have  been  studied  in  the  laboratory  (McVey,  Erikson.  and  Seyfricd  1983;  Thornton 
1983)  Experiments  in  which  a  mixture  of  seawater  and  sediment  are  heated  to  tempera¬ 
tures  of  200'’  and  300  °C  at  pressures  of  300  bar  have  shown  a  sharp  decrease  in  pH 
from  8.3  to  3.5  (300 °C)  or  5.0  (200 °C).  It  was  also  noted  that  water  samples  from  the 
heated  seawater-sediment  mixture  contained  greater  concentrations  of  trace  elements 
such  as  Fc.  Zn,  Sr.  Ca.  and  Ba  in  solution  than  are  found  in  seawater-sediment  mixtures 
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at  room  temperature.  The  increased  concentration  in  solution  of  these  elements  may 
influence  the  radionuclide  sorption  process  in  the  high-temperature  region.  In  situ  data 
are  required  to  confirm  the  trends  observed  in  the  laboratory. 

Experiments  have  been  run  to  measure  distribution  coefficients  in  sediments  for 
several  of  the  more  important  radionuclides  (Heath.  Epstein,  and  Prince  1977;  Erickson 
1979;  Fried.  Friedman,  and  Sullivan  1980;  Fried  et  al.  1980).  The  distribution  coeffi¬ 
cient.  K„.  is  defined  as  the  equilibrium  concentration  of  a  particular  radionuclide  per 
unit  mass  of  the  sediment  matrix  divided  by  the  concentration  per  unit  volume  of  the 
sediment.  These  data  have  been  used  in  theoretical  studies  of  radionuclide  transport  in 
sedimentary  layers  (Hickox  and  Watts  1980a;  Fried  et  al.  1980;  Russo  1980;  Nuttall, 
Ray.  and  Davis  1981).  The  studies  were  based  on  the  worst-case  assumption  that  the 
entire  inventory  of  a  waste  canister  was  released  instantaneously  at  the  midplane  of  a  60- 
m  thick  sedimentary  layer.  The  results  indicate  that,  for  the  radionuclides  considered, 
those  that  migrate  as  cations  have  relatively  large  distribution  coefficients  {K,,  on  the 
order  of  10)  and  are  contained  within  the  sediment.  The  anionic  species,  for  which  low 
distribution  coefficients  were  predicted,  t.  ached  the  sediment-water  interface  in  ap¬ 
proximately  5000  years.  Nevertheless,  the  predicted  peak  rates  at  which  the  radionu¬ 
clides  were  released  into  the  water  column  were  less  than  the  natural  radioactive  radon 
flux.  The  predictive  methods  may  be  modified  in  the  future  as  data  are  obtained  on  in 
situ  behavior  of  the  sediment. 

All  conclusions  concerning  the  thermal,  fluid,  chemical,  and  radionuclide  sorption 
response  of  the  sediment  are  based  either  on  analyses  that  involve  assumptions  about  in 
situ  sediment  behavior  or  on  laboratory  data  that  are  derived  from  tests  of  processed 
sediment  samples  removed  from  the  seabed.  Because  program  decisions  are  based  on  the 
results  of  analyses  and  experiments,  the  applicability  of  the  assumptions  and  the  experi¬ 
mental  data  to  the  in  situ  problem  must  be  verified.  In  addition,  in  situ  data  will  be 
valuable  in  determining  whether  any  heretofore  unanticipated  phenomena  wcur.  On  the 
basis  of  these  considerations,  an  in  situ  experiment  was  planned.  This  article  describes 
the  experiment  and  its  relevance  to  SDP.  and  documents  the  science  and  engineering 
contributions  made. 


ISHTE 

ISHTE  was  designed  and  implemented  by  teams  from  several  organizations. 

•  Sandia  National  Laboratories.  Albuquerque  (SNLA)  provided  program  direction, 
thermal  and  fluid  analysis,  and  heat  transport  experiment  design. 

•  The  University  of  Washington  Applied  Physics  Laboratory  (APL)  provided  die 
design  and  development  of  the  experiment  platform  with  the  associated  mechani¬ 
cal.  electrical,  and  data-rccording  systems  as  well  as  ocean  engineering  for  the 
launch  and  recovery  system.  APL  also  provided  the  thermal  sensor  array  and 
coring  systems. 

•  The  University  of  Rhode  Island.  Marine  Geomechanics  Laboratory  (URI)  pro¬ 
vided  geotechnical  analysis  and  sediment  strength  properties. 

•  Woods  Hole  Oceanographic  Institution  (WHOI)  developed  hardware  for  the  geo¬ 
chemical  experiments. 

•  Naval  Ocean  Research  and  Development  Activity,  now  known  as  the  Nava! 
Oceanographic  and  Atmospheric  Research  Laboratory  (NOARL).  developed  hard¬ 
ware  for  the  pore  pressure  experiment  and  conducted  microfabric  investigations. 
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•  Monsanto  Research  Corporation,  Mound  Laboratories,  provided  the  isotopic  heat 
source. 

The  experiment  had  undergone  design  and  evaluation  for  8  years.  During  that  period, 
design  tradeoffs  and  alternatives  were  explored  extensively  with  the  design  group.  The 
details  of  the  experiment  subsystem  are  discussed  later,  but  here  it  is  appropriate  to 
present  the  overall  configuration  of  ISHTE  (Percival  et  al.  1980).  A  sketch  of  the 
platform  is  shown  in  Figure  1 .  Salient  features  include  the  experiment  heater,  with  500 
W  of  thermal  power  being  provided  by  five  PuO,  fuel  spheres;  vertical  insertion  of  the 
heater  into  the  sediment;  electrical  power  supplied  by  batteries;  drive  forces  supplied  by 
ambient  sea  pressure;  redundant  data  electronics;  and  redundant  recovery  systems.  An 
experiment  duration  of  1  year  was  planned,  with  an  anticipated  maximum  sediment 
temperature  reaching  300 °C.  The  maximum  temperature  occurs  adjacent  to  the  heater 
near  the  horizontal  midplane.  The  ambient  temperature  was  ~2°C.  The  experiments 
included  in  situ  thermal  conductivity,  temperature  field,  pore  pressure,  ion  migration, 
pore  water  chemistry,  shear  strength,  and  posttest  cores. 

Objectives  of  the  Experiment 

The  primary  objectives  of  ISHTE  were: 

(1)  to  provide  data  on  the  effects  of  heating  on  the  response  (temperature  excur¬ 
sions,  pore  pressure  variations,  pore  fluid  motion,  tracer  particle  transport, 
thermochemical  reactions,  etc.)  of  in  situ  sediment  for  use  in  verifying  labora¬ 
tory  experiment  approaches  and  computer  models 

(2)  to  observe  any  unanticipated  phenomena  that  may  occur  in  situ 

(3)  to  develop  and  demonstrate  the  technology  necessary  to  perform  waste 
isolation-oriented  experiments  on  and  in  the  seabed  at  depths  of  6000  m  for  an 
extended  period  of  time,  to  obtain  large  quantities  of  reliable  data,  and  to 
recover  the  experiment  and  postexperiment  calibrations 

Two  points  are  emphasized.  First,  ISHTE  was  not  a  simulation  of  a  waste  emplace¬ 
ment.  No  effort  was  made  to  scale  canister  sizes,  power,  or  emplacement  depths.  The 
experiment  was  designed  only  to  prov  ide  a  body  of  data  to  test  and  verify  the  accuracy 
and  applicability  of  laboratory  experimental  approaches  and  computer  models.  Second, 
ISHTE  was  not  solely  a  heat  transfer  experiment.  In  addition  to  the  energy  transport 
data,  information  to  be  obtained  included  pore  fluid  response,  sediment-seawater-heater 
thermochemical  reactions,  sediment  thermal  stability,  time-dependent  sediment  physical 
properties,  and  the  transport  and  sorption  of  injected  tracer  species. 

Site  Selection 

Because  of  the  anticipated  high  temperatures  to  be  generated  during  ISHTE  and  the  need 
for  fine-grained,  low-permeability  sediments,  considerable  effort  was  devoted  to  select¬ 
ing  a  suitable  site.  One  aspect  was  that  the  water  pressure  must  be  high  enough  to 
prevent  boiling  and  possible  abnormal,  thermally  induced  volume  increases.  The  ISHTE 
site  criteria  were: 

•  water  depth  of  at  least  4000  m 

•  known  sedimentology,  with  a  sediment  type  required  for  waste  disposal 

•  low-relief  bottom  topography 
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Figure  1.  Artist's  conception  of  ISHTE  platform. 


Several  oceanographic  research  cruises  were  concentrated  in  a  region  ~  1 800  km 
north  of  Hawaii  in  an  area  designated  MPG-I  (MPG.  midplate,  midgyre);  this  area  lies 
between  latitudes  30°  and  31  °30'  N  and  longitudes  157°  and  159°W.  A  great  deal  of  data 
has  been  collected  on  the  geologic  aspects  of  the  region  as  well  as  on  the  geotechnical  and 
geochemical  characteristics  of  the  sediments  to  depths  of  more  than  24  m  into  the  sediment 
layer.  ISHTE  could  have  been  performed  at  other  sites,  but  the  MPG-I  site  had  the  best 
characterization.  Sufficient  material  and  site  characterizations  were  required  to  provide  the 
necessary  thermal  and  mechanical  properties  for  the  model  calculations. 

On  the  basis  of  collected  data,  the  most  likely  site  for  the  ISHTE  was  determined  to  be 
near  the  location  of  a  giant  piston  core  (GPC-3)  obtained  during  C/S  Long  Liner  cruise 
LL44  (Heath  et  al.  1980).  A  detailed  site  survey  with  sampling  was  made  in  this  area  in 
cooperation  with  the  Manganese  Nodule  Program  (MANOP)  in  spring  1980  (cruise 
RAMA-I).  As  part  of  this  cruise,  the  Deep  Tow  instrument  of  Scripps  Institution  of 
Oceanography  Marine  Physical  Laboratory  was  used  to  conduct  a  near-bottom,  sea  floor 
survey  to  document  details  of  a  specific  site  for  ISHTE.  The  Deep  Tow  package  provides  a 
precision  echo  sounder,  side-scan  sonar,  photographic  coverage,  and  high-resolution  sub¬ 
bottom  profiling  in  addition  to  depth,  water  temperature,  and  conductivity  measurements. 
The  data  were  tied  together  by  precise  near-bottom  acoustic  transponder  navigation. 
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Special  long-life  transponders  were  emplaced  near  the  surveyed  site  so  that  the  site 
can  be  relocated.  Data  from  Deep  Tow,  box  core  samples,  and  gravity  core  samples  have 
been  analyzed.  Results  of  these  studies  indicate  that  a  suitable  site  3  by  5  km  exists  at 
30°23'N,  157°43'W.  The  sediment  in  the  area  of  the  planned  test  site  is  quite  uniform 
both  laterally  and  vertically.  The  sediment  consists  of  illite  or  mixed-layer  illite-smectite 
quartz,  Fe-chlorite  to  a  depth  of  -5  m,  and  smectite,  clinofilolite,  and  amorphous 
material  associated  with  minor  quartz  and  mixed-layer  illite-smectite  at  greater  depths. 
Because  of  limits  in  both  cost  and  instrumentation  design,  ISHTE  was  limited  to  a  depth 
of  about  1.5  m  in  the  sediment,  placing  it  within  the  illite  layer. 

Several  ISHTE  cruises  have  verified  portions  of  the  data  obtained  from  the  MANOP 
cruise  and  located  more  precisely  a  desirable  ISHTE  site  (Miller,  Miller,  and  Olson 
1982;  Olson  and  Roberts-Backes  1980).  A  detailed  map  of  the  proposed  lander  site  area 
was  produced,  and  the  nature  of  the  manganese  nodule  layer  that  the  lander’s  instrumen¬ 
tation  system  must  penetrate  was  documented.  The  data  were  referenced  to  a  precise 
ISHTE  acoustic  transponder  navigation  system  (Roberts-Backes  et  al.  1980)  and  refer¬ 
enced  to  latitude  and  longitude  by  satellite  navigation.  Special  acoustically  secure  tran¬ 
sponders  were  developed  by  APL  (Backes,  Bell,  and  Olson  1981)  for  precise  navigation 
during  ISHTE. 

Platform  Mechanical  Systems 
Platform  Structure 

The  ISHTE  instrumentation  was  supported  by  a  mild  steel  spaceframe  as  shown  in 
Figure  2.  Most  of  the  structural  members  were  welded  circular  tubing  with  a  few  rectan¬ 
gular  sections  in  the  highly  stressed  area  of  the  lift  point.  The  platform,  without  the 
support  pads,  was  3.12  m  wide,  3.4  m  high,  and  4.24  m  long.  The  instrumented  plat¬ 
form,  when  ready  for  ISHTE  deployment,  weighed  5923  kg  in  air  and  3213  kg  in 
seawater.  After  removal  of  the  bolted  components,  the  platform  fit  into  a  standard  ship¬ 
ping  van  for  transport  by  truck  or  container  ship.  This  frame  served  as  a  protective 
package  for  shipping  many  ISHTE  instruments.  Figure  3  shows  the  ISHTE  platform 
loaded  in  a  truck. 

From  a  corrosion  standpoint  the  platform  was  a  large  steel  anode,  which  galvani¬ 
cally  protected  the  more  noble  materials  of  the  instrumentation.  The  few  items  less  noble 
than  mild  steel  were  electrically  isolated  from  the  frame  and  were  protected  by  individ¬ 
ual  anodes.  To  prevent  hydrogen  generation  around  the  heater  caused  by  galvanic  action, 
the  Inconel  heater  case  and  drive  arm  were  isolated  electrically  from  the  platform.  All 
external  parts  of  the  heater  were  constructed  from  materials  of  nearly  the  same  galvanic 
potential.  A  Zn-rich  paint  on  the  outside  surface  of  the  mild  steel  structure  provided  a 
clean  surface  during  instrumentation  and  testing  of  the  platform  but  was  not  expected  to 
protect  the  frame  during  the  year  on  the  seafloor.  A  thin,  uniform  coating  of  rust  was 
expected  to  form  on  the  mild  steel. 

The  ISHTE  platform  was  supported  on  the  seafloor  by  three  large  fiberglass  pads. 
The  average  sediment  pressure  for  the  pads,  assuming  a  flat  sediment  surface,  was  5.89 
kPa.  These  pads  provided  a  stable  base  for  the  structure  and  prevented  lateral  motion 
resulting  from  drag  forces  from  the  mooring  lines.  The  pads  were  0.99  m  wide  by  1.83 
m  long.  Each  pad  had  66  25.4-m  diameter  holes  that  allowed  venting  of  water  during 
deployment  and  recovery.  Lateral  support  was  provided  by  150-mm  deep  skirts  of  fi¬ 
berglass  around  the  perimeter  of  each  pad. 
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The  pads  were  designed  to  limit  settlement  of  the  platform  to  tolerable  and  predictable 
values  for  the  duration  of  the  experiment,  to  control  the  effects  of  erosion,  and  to  minimize 
the  stress  levels  induced  into  the  instrumented  portion  of  the  testbed  beneath  the  platform. 
The  pads  were  sized  according  to  the  allowable  bearing  capacity  of  the  MPG-1  sediment. 
Total  settlement  predictions  for  the  pads  included  elastic  deformation,  primary  consolida¬ 
tion,  and  secondary  compression  (plastic  deformation)  of  the  sediment. 

Heater  Implantment  System 

The  most  important  item  to  be  driven  into  the  sediment  for  ISHTE  was  the  isotope 
heater.  All  experiments  on  the  ISHTE  platform  were  based  on  an  increased  temperature 
field  in  the  sediment.  The  heater  drive  arm  with  the  electric  test  heater  is  shown  in 
Figure  4.  It  consisted  of  a  45-cm  long  heatei  at  the  lower  end,  an  implantment  tube  that 
would  span  the  distance  from  the  heater  up  into  the  seawater,  a  pressure  case  for  the 
thermocouple  electronics,  and  a  drive  tube  at  the  top.  The  hydraulic  implantment  system 
shown  in  Figure  5  pushed  the  bottom  end  of  the  heater  vertically  downward  105  cm  into 
the  clay  sediment  with  a  rack-and-pinion  drive.  The  rack,  which  was  attached  to  the 
outside  of  the  drive  tube,  was  electrically  isolated  from  it  by  a  flame-sprayed  coating  of 
AFO,  and  TiO:.  The  pinion  gear  was  driven  by  a  standard  Gerotor-type  hydraulic  motor 
mounted  on  the  platform.  The  high-ambient  pressure  seawater  in  the  deep  ocean  was 
channeled  through  a  pressure  intensifier  to  supply  oil  at  above-ambient  pressure  to  the 
hydraulic  motor  (Olson  and  Harrison  1982).  A  pressure  case  served  as  the  low-pressure 
reservoir  to  accept  the  hydraulic  fluid  from  the  system.  Hydraulic  locks  were  used  to 
secure  the  arm  in  both  the  stored  and  the  implanted  positions. 


Figure  2.  Instrumented  ISHTE  platform. 
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Figure  3.  Loading  ISHTE  platform  into  shipping  container. 


Two  implantment  arms,  one  with  the  electric  heater  for  use  on  the  ocean  test  cruise 
and  one  with  the  isotope  heater,  were  to  be  used  during  the  actual  experiment.  These  two 
arms  were  designed  to  be  interchangeable.  The  isotope  heater  and  arm  assembly  were 
designed  to  be  slipped  into  the  platform  in  place  of  the  test  arm.  This  was  not  to  be  done 
until  the  ship  was  ready  to  leave  port  for  the  final  deployment  of  ISHTE. 

At  the  end  of  the  ISHTE  deployment  another  hydraulic  system  was  to  use  the  high- 
ambient  pressure  seawater  to  extend  two  cylinders  that  would  retract  the  heater  from  the 
sediment.  This  was  accomplished  by  opening  a  valve  between  an  evacuated  reservoir 
and  the  rod  end  of  the  retracted  hydraulic  cylinders.  Sea  pressure  acting  on  the  other  side 
of  the  pistons  caused  the  cylinders  to  extend  their  rods.  This  action  lifted  the  heater  and 
adjacent  equipment  out  of  the  sediment  (the  adjacent  equipment  was  the  140-cm  long 
corer  and  the  attached  small -diameter  corer). 

Sensor  Implantment  Systems 

There  were  many  systems  on  the  ISHTE  platform  to  drive  samplers  and  probes  into  the 
sediment  for  the  individual  experiments  and  to  retract  them  before  recovery.  Some  of  the 
drive  systems  are  discussed  in  the  sections  dealing  with  specific  experiments.  Central  to 
the  platform  was  one  system  to  drive  and  retract  the  temperature,  the  thermal  conductivity, 
and  the  pore  pressure  probes.  This  system,  which  handled  89  of  the  128  sensors  and 
samplers  to  be  driven  into  the  sediment,  encompassed  most  of  the  platform  and  had  a 
network  of  electrical  and  hydraulic  conductors  semipermanently  attached  to  the  frame. 

The  sensor  probe  implantment  and  retraction  system  was  a  low-differential  pressure 
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electrohydraulic  system  that  operates  fully  flooded  in  high-ambient  pressure  fluid 
(Miller,  Miller,  and  Olson  1986).  The  electric  motor,  running  immersed  in  a  pressurized 
fluid,  drove  a  hydraulic  pump  that  could  generate  a  345-kPa  oil  pressure  above  the 
ambient  58.8-MPa  sea  pressure.  This  pressurized  oil  operated  a  bank  of  hydraulic  cylin¬ 
ders,  one  cylinder  for  each  probe  to  be  driven.  The  electronics  case  of  each  probe  acted 
as  the  piste  .1  a  hydraulic  cylinder.  The  sensors  for  each  probe  were  housed  at  various 
distances  down  the  center  of  an  8-mm  diameter  metal  tube  that  was  connected  to  the 
electronics  case  and  served  as  the  piston  rod  in  the  hydraulic  cylinder. 


Figure  4.  Heater  implantment  arm. 


Wmi>. 
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There  were  20  probe-implanting  cylinders.  Each  was  secured  to  the  platform  in  a  verti¬ 
cal  orientation  with  the  sensor  tube  down.  When  fluid  was  pumped  to  the  top  of  a 
cylinder,  the  rod  extended  and  this  implanted  the  sheathed  sensors  into  the  sediment. 
When  the  pump  was  operated  in  the  reverse  direction  the  pressure  in  the  cylinder 
dropped  below  sea  pressure,  and  the  sea  pressure  pushed  the  rod  with  the  sensors  back 
into  the  cylinder.  Valves  were  used  to  sequence  the  drive  of  the  probe.  This  system  could 
be  turned  on  and  off,  which  allowed  individual  groups  of  probes  to  be  driven  or  re¬ 
tracted  at  different  times  during  ISHTE. 


Corer  Systems 

At  the  end  of  the  experiment,  five  10-cm  diameter  corers  at  locations  around  the  heater 
(Fig.  6)  were  driven  to  depths  ranging  from  120  to  160  cm.  One  5-cm  diameter  piston 
corer  was  attached  to  corer  II  and  was  driven  down  along  the  side  of  the  heater  as  the 
corer  actuated.  The  hundreds  of  newtons  required  to  drive  the  corers  were  generated  by 
hydrostatic  actuators  that  used  the  energy  in  the  high-pressure  seawater  (Olson  and 
Harrison  1979;  Olson  and  Miller  1986*). 

Figure  7  shows  a  cross-sectional  view  of  a  corer  incorporating  the  hydrostatic  actua¬ 
tor.  The  corer  used  standard  hydraulic  design  practices  to  generate  and  control  the  forces 
to  slowly  drive  the  core  barrel.  The  difference  is  that  these  units  used  the  high-pressure 
fluid  on  the  outside  of  the  hydraulic  cylinder  to  generate  the  force.  The  fluid  on  the 
inside  was  used  to  control  the  rate  of  actuation. 

The  hydraulic  cylinder  (corer)  was  mounted  vertically  with  the  open  end  toward  the 
sediment.  The  piston  rod  was  secured  to  the  platform.  With  the  initiation  valve  closed, 
the  working  fluid  was  trapped  between  the  piston  and  the  upper  end  of  the  cylinder  (core 
barrel).  The  working  fluid  was  pressure  balanced  to  the  sea  pressure  by  slight  motion  of 
the  core  barrel. 

When  actuated  by  an  electrical  signal,  the  initiation  valve  opened  explosively  by 
rupturing  a  disc.  The  working  fluid  was  then  free  to  flow  into  the  low-pressure  reservoir 
located  in  the  piston  rod.  Frictional  resistance  to  flow  through  the  small-diameter  control 
tube  created  a  back  pressure  that  limited  the  rate  of  actuation.  The  differential  pressure 
across  the  top  of  the  core  barrel  generated  a  force  that  drove  the  barrel  into  the  sediment. 

Both  the  5-cm  diameter  corer  and  the  number  II  corer  were  extracted  from  the 
sediment  as  a  unit  with  the  heater.  The  remaining  corers  were  extracted  from  the  sedi¬ 
ment  when  the  platform  was  lifted  from  the  seafloor  at  recovery.  Various  lengths  of 
recovery  lines  connected  them  to  the  platform  after  drive,  so  that  the  pull-out  forces  of 
the  corers  acted  sequentially  on  the  platform  during  recovery  (Olson  and  Miller  1986a). 


Photographic  Equipment 

Two  Benthos  35-mm  deep-sea  cameras  were  part  of  the  platform.  One  was  the  model 
371  camera  and  strobe  system,  which  had  a  capacity  of  about  60  pictures  and  was 
triggered  by  a  bottom  contact  switch,  that  took  a  series  of  photographs  of  the  ISHTE  test 
area  as  the  platform  was  set  onto  the  seafloor.  The  second  was  a  model  377  camera, 
which  used  two  strobe  lights  to  illuminate  the  area  around  the  ISHTE  heater  and  pro¬ 
vided  the  view  shown  in  Figure  8.  This  camera  system  could  take  3200  pictures,  provid¬ 
ing  a  minimum  of  4  pictures  a  day  for  the  duration  of  ISHTE.  The  pictures  would  show 
signs  of  increased  macrobiologic  activity  around  the  heated  zone  or  any  changes  in  the 
surface  of  the  sediment  adjacent  to  the  heater’s  implantment  arm. 
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Figure  7.  Cross-section  of  corer. 

Platform  Electrical  and  Acoustic  Systems 
Tracking  and  Telemetry 

The  deployment  and  recovery  of  the  ISHTE  platform  required  an  underwater  tracking 
system  to  display  the  location  of  the  launch  ship  and  the  platform  and  to  provide  infor¬ 
mation  about  platform  status.  A  tracking  system  was  also  needed  to  position  the  ship 
over  the  platform  for  acoustic  communication  and  data  transmission.  If  the  primary  and 
back-up  platform  recovery  systems  malfunctioned,  a  tracking  system  would  be  needed  to 
guide  a  grapnel  to  the  backup  recovery  lines.  Also,  a  means  of  telemetering  experimen¬ 
tal  data  from  the  platform  to  a  surface  ship  was  needed. 

Many  underwater  tracking  ranges  have  acoustic  transducers  located  close  to  land  so 
that  electrical  cables  connect  them  directly  to  a  computer  facility.  In  deep-water  areas. 
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such  as  the  MPG-I  area,  this  is  not  possible.  Several  ship-mounted,  short-baseline  array 
systems  are  available  for  open-ocean  tracking  at  shallow  depths,  but  they  lose  their 
accuracy  at  greater  depths  because  of  the  short  distance  between  transducers.  Also,  the 
range  is  usually  limited  because  of  the  frequencies  required  to  optimize  the  timing 
differences  between  arrivals  of  the  signals  at  the  closely  spaced  transducers.  A  few 
acoustic  tracking  systems  are  available  that  will  track  at  long  ranges  (10  km),  but  they 
have  little  or  no  data  capacity  in  their  signals.  Most  of  these  systems  use  bottom- 
mounted  transponders  that  merely  respond  with  a  short  pulse  to  obtain  round-trip  travel 
times. 

The  acoustic  tracking  and  telemetry  system  developed  for  ISHTE  (Roberts-Backes 
et  al.  1980)  differs  from  most  other  deep-ocean  tracking  systems  because  it  uses  differ¬ 
ential  phase  shift-keyed  (DPSK)  modulation  to  superimpose  digital  data  on  the  acoustic 
tracking  and  telemetry  pulses.  This  technique  allowed  real-time  acquisition  of  data  from 
several  sensors  on  the  submerged  platform  while  the  surface  ship  and  the  platform  were 
simultaneously  tracked  with  respect  to  a  fixed  coordinate  reference.  In  addition,  large 
amounts  of  data  (>2  Mbits)  could  be  obtained  from  the  platform  by  temporarily  sus¬ 
pending  tracking  and  by  commanding  the  platform  to  telemeter  to  the  ship  a  series  of 
closely  spaced  acoustic  pulses. 

The  ISHTE  long-baseline  tracking  system  consisted  of  four  low-power,  bottom- 
mounted  transponders  and  one  or  more  tracked  objects  together  with  a  shipboard  track¬ 
ing  computer,  CRT  display,  and  acoustic  transmitter-receiver.  An  object,  such  as  the 
ISHTE  platform,  is  tracked  by  attaching  a  special  transponder  that  can  be  interrogated 
by  the  tracking  system.  The  position  of  the  ship  and  one  object  can  be  tracked  simulta¬ 
neously.  The  bottom-mounted  transponders  could  be  commanded  to  perform  a  number 
of  tasks:  to  measure  distances  with  time  pulses,  to  vary  their  internal  delays  to  prevent 
pulse  overlaps,  to  check  internal  status,  to  recognize  coded  identification  numbers,  and 
to  release  themselves  from  their  anchors. 

Figure  9  illustrates  the  ISHTE  platform  on  the  seafloor  and  the  long-baseline  track¬ 
ing  array.  The  transponders  typically  were  located  -2  km  apart  and  200  m  off  the 
bottom  in  5.8  km  of  water,  the  depth  of  MPG-I.  The  tracking  system  was  designed  for 
an  acoustic  communication  range  of  10  km  from  the  farthest  transponder.  This  means 
that  a  ship  could  track  itself  in  an  area  of  —  1 50  km2  with  a  three-transponder  array. 

Four  transponders  were  planted  in  roughly  a  square  pattern  on  the  ocean  floor.  Any 
three  at  a  time  were  used  for  tracking.  The  fourth  was  a  spare  in  case  one  transponder 
malfunctioned  or  was  located  in  terrain  that  hindered  acoustic  communication.  All  track¬ 
ing  in  the  x,y  plane  (horizontal  plane)  was  referenced  to  one  designated  transponder  at 
location  (0,0).  After  the  initial  transponder  survey,  the  displayed  depth  was  referenced 
from  the  surface  of  the  ocean. 

The  surface  ship’s  computer  simultaneously  displayed  the  x,y  positions  of  both  the 
ISHTE  platform  and  the  ship  on  a  CRT  screen.  An  update  was  made  every  15  or  20 
seconds  (limited  by  the  speed  of  sound  in  water,  1500  m/sec,  which  requires  a  9-second 
round  trip  to  the  bottom).  The  last  10  to  50  positions  of  each  track  were  retained  on  the 
screen  to  give  a  short  history  of  the  track.  The  depth  of  the  platform  was  written  on  the 
screen  along  with  the  grid  scale.  A  sample  tracking  display  is  shown  in  Figure 
10. 

All  communication  between  the  surface  and  the  sea-floor  platform  was  over  an 
acoustic  telemetry  system  that  used  the  same  format  as  the  tracking  system  but  could 
send  longer  data  words.  Information  was  transmitted  on  a  10-kHz  carrier  frequency  with 
DPSK  modulation  and  a  binary  data  rate  of  2  kbaud. 
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All  tracking  and  telemetry  signals  consisted  of  a  correlation  code  (a  particular  bi¬ 
nary  sequence  selected  to  have  a  single  sharp  binary  correlation  function)  that  was 
followed  by  a  data  block.  A  correlation  code  allows  the  system  to  operate  at  low  signal- 
to-noise  ratios  with  low  false-alarm  and  false-rest  rates.  In  addition,  the  correlation  peak 
generates  precise  timing  that  is  used  to  process  the  data. 

Commands,  platform  status,  and  experimental  data  were  transmitted  and  received 
over  the  acoustic  telemetry  system.  To  ensure  data  integrity,  the  data  block  of  all  acoustic 
signals  was  encoded  with  error  detection  and  correction  codes  (Backes,  Bell,  and  Miller 
1983).  Commands  were  sent  to  the  platform  to  initiate  experiments  and  to  retrieve  data. 
Commands  to  the  platform  were  encoded  with  a  Bose-Chaudhuri-Hocqueghem  (BCH) 
code,  which  allows  the  detection  of  up  to  5-bit  errors.  This  reduced  the  chance  of  a 
garbled  command  being  received  by  the  platform  as  a  valid  but  unintended  command. 


Trocked 


Figure  9.  ISHTE  platform  deployed. 
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Figure  10.  Sample  of  tracking  display 

For  increased  security,  redundancy  was  added  to  all  commands,  each  command  to  the 
platform  had  to  be  received  twice  without  error  before  it  was  accepted. 

While  the  platform  was  being  lowered  to  or  raised  from  the  seafloor,  its  v.v  and  ; 
coordinates  were  tracked  with  respect  to  a  fixed,  bottom-mounted  transponder  arras. 
Deployment  and  recovery  status  from  the  platform  were  received  while  tracking.  This 
status  was  displayed  in  real  time  in  addition  to  the  position  of  the  platform.  Each  status 
reply  was  encoded  with  a  BCH  code.  This  code,  by  allowing  the  detection  of  up  to  5-bit 
errors,  permitted  the  surface  computer  to  use  the  arrival  time  of  a  garbled  status  reply  to 
compute  the  location  of  the  platform  for  tracking  and.  at  the  same  time,  to  ignore  the 
garbled  data  for  display. 

During  the  year-long  experiment,  data  stored  in  the  platform  electronics  were  tele¬ 
metered  on  command  to  a  surface  ship  at  6-month  intervals.  Experimental  data  transmit¬ 
ted  from  the  platform  to  a  surface  ship  were  encoded  with  a  Reed-Solomon  code,  with 
each  character  in  the  code  consisting  of  8  bits.  This  enabled  detection  of  up  to  three 
character  errors  and  correction  of  up  to  two  character  errors  as  well  as  detection  of  burst 
errors  of  up  to  17  bits.  Use  of  error  correction  for  up  to  two  characters  reduced  the 
amount  of  transmission  required  when  experimental  data  were  transmitted  from  the 
ISHTE  platform  to  the  surface  ship  in  a  noisy  environment. 

Platform  Control  and  Data  Lagging 

The  electronics  for  the  ISHTE  platform  were  designed  as  a  dual-redundant  system 
(Olson,  Backes.  and  Miller  1985).  There  were  two  platform  transponders,  two  master 
controllers,  two  slave  controllers,  and  parallel  sets  of  stepper  switches.  Any  combination 
of  platform  transponder,  master  controller,  and  slave  controller  could  be  independently 
addressed,  powered  up.  and  used  for  platform  command  and  control.  Each  platform 
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PLATFORM  TRANSPONDER 

.  PLATTORM  TRACKING 
.  ACOUSTIC  DATA  TELEMETRY 
.  RELAY  COMMANDS  FROM  SURFACE 
SHIP  TO  MASTER  CONTROLLER 

MASTER  CONTROLLER 

.  AUTOMATIC  DATA  LOGGING 
.  DYNAMIC  RECONFIGURATION  Of 
DATA  COLLECTION  PATHS 

•  EXECUTE  COMMANDS  RECEIVED  FROM 
SURFACE  SHIP  VA  PLATFORM  TRANSPONDER 

SLAVE  CONTROLLER 

.  CONTROL  STEPPER  SWITCHES 
.  GENERATE  CONTROL  AND  ACTUATION  SIGNALS 

•  DIGITIZE  DATA  FROM  PROBES  AND  SENSORS 

JUNCTION  BOX 

■  OIL  FILLED  •  PRESSURE  BALANCED 
.  MULTILEVEL  STEPPER  SWITCHES 

•  EACH  SLAVE  IS  CONNECTED  TO 
ALL  PROBES  AND  MECHANICAL 
CONTROL  FUNCTIONS 


Figure  11.  Block  diagram,  ISHTE  platform  control  data  logging. 


transponder,  master  controller,  and  slave  controller  was  packaged  in  a  separate 
instrument  housing.  This  partitioning  scheme  was  designed  to  limit  catastrophic  failures 
(such  as  the  flooding  of  an  electronic  housing)  to  the  affected  package.  Also,  the  distri¬ 
bution  of  the  electronics  allowed  the  design  to  consist  of  a  few  simpler  packages,  each 
with  distinct  functions,  rather  than  one  complicated  package  that  performed  all  the  func¬ 
tions.  The  interconnection  electronics  were  designed  so  the  failure  of  one  electronics 
package  would  not  cause  a  malfunction  in  the  packages  connected  to  it.  A  simplified 
block  diagram  of  the  ISHTE  platform  electronics  system  is  shown  in  Figure 
11. 

Platform  control  and  data  logging  operated  under  the  direction  of  a  master  controller 
that  operated  in  two  modes:  the  normal  mode,  in  which  commands  were  executed  as 
they  were  received,  and  the  autonomous  mode,  in  which  the  surface  ship  initiated  an 
experiment  that  the  master  controller  then  controlled.  The  surface  ship  couia  obtain 
platform  status  information,  request  the  platform  to  telemeter  data,  and  stop  an  experi¬ 
ment  while  the  platform  was  in  autonomous  mode.  Autonomous  mode  experiments 
could  involve  actuating  any  of  the  mechanical  systems  and  sampling  of  single  probes  or 
groups  of  probes  at  various  rates. 

To  help  make  the  control  system  flexible,  the  experiments  were  defined  in  an 
Englishlike  language.  The  experiment  definitions  were  translated  automatically  into  ta¬ 
bles  that  the  master  controller  interpreted.  A  short  example  of  an  experiment  definition 
is  shown  in  Table  1 .  Experiments  could  be  added,  deleted,  or  changed  by  modifying  the 
definitions.  The  control  program  was  not  affected  by  the  modification. 

The  control  program  in  the  master  controller  was  run  by  an  NSC800  CMOS  micro¬ 
processor  with  56k  of  EPROM/RAM  and  two  timer-counters.  In  autonomous  mode,  a 
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real-time  clock  “awakened”  the  microprocessor  when  it  was  time  to  scan  the  probes. 
Two  Intel  magnetic  bubble  memories,  each  nonvolatile  and  capable  of  holding  up  to  1 
Mbit  of  information,  were  used  to  store  data  taken  during  the  first  10  days  of  the 
experiment  (high  data  rate)  and  subsequently  to  store  data  collected  over  6-month  inter¬ 
vals.  The  bubble  memories  also  stored  the  current  status  of  the  platform.  A  Sea  Data 
cassette  recorder,  which  can  hold  10  Mbit  of  data,  was  used  to  store  all  the  data  collected 
for  the  duration  of  the  experiment.  The  master  controller  communicated  with  the  plat¬ 
form  transponder  and  the  slave  controller  through  a  4800-baud  serial  data  link.  Because 
the  master  controller  was  designed  for  low-power  consumption,  it  could  operate  from  a 
self-contained  battery  pack.  Each  master  controller  with  its  self-contained  battery  supply 
was  packaged  in  a  glass  instrument  housing.  Each  housing  had  20  single-pin  electrical 
penetrators  and  two  vacuum  ports.  The  master  controller  specifications  are  summarized 
in  Table  2. 

The  platform  transponders  were  acoustic  communication  transponders  used  to  track 
the  platform,  to  receive  commands  from  the  surface  ship,  and  to  telemeter  status  or  data 

Table  1 

Sample  Experiment  Definition 


Experiment  Definition 


Comments 


nameexp  ("exp5"); 

beginstep  (0,1,0); 
lockout  (); 

sample  (GROUP5); 

endstep  (); 

beginstep  (10  sec,  1,0); 
arm  (DEVICE8); 
wait  (2  sec); 
actuate  (DEVICE8); 
endstep  (); 

beginstep  (5  sec, 24, 10  min); 

sample  (GROUP3  |  GROUP4); 
endstep  (); 

beginstep  (10  min,  1,0); 
sample  (GROUP5); 
nolockout  (); 
endstep  (); 


This  is  experiment  #5. 

Do  this  step  once. 

Prevent  surface  ship  from  accessing 
slave  controller  during  experiment. 
Sample  group  5  (ambient  water 
temperature  and  pressure). 


Wait  10  sec  then  do  this  step  once. 
Arm  device  8  (heater  implant). 
Wait  2  seconds. 

Implant  heater. 


Wait  5  sec,  do  this  step  24  times, 
waiting  10  min  between  repetitions. 
Sample  group  3  (pore  water  pressure) 
and  group  4  (sediment  temperature). 

Wait  10  min  then  do  this  step  once. 
Sample  water  temperature  and  pressure. 
Allow  access  to  slave  controller. 


endexp  (); 


End  of  experiment  #5. 
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Functions 


Components 


Commands  from  surface 
ship  relayed  through  a 
platform  transponder 


Commands  from 
platform  transponder 


Table  2 

Master  Controller  Specifications 


Execute  commands  from  a  surface  ship  (relayed 
through  a  platform  transponder) 

Execute  commands  from  a  platform  transponder 
Collect  and  store  data  from  the  slave  controller 
Run  autonomous  experiments 
Retrieve  data  for  acoustic  telemetry  to  a  surface  ship 
Keep  track  of  time 

Data  processor:  2.5-MHz  NSC800  CPU,  40K 
EPROM,  16K  RAM,  two  IM6402  UARTs 
Data  storage:  Two  INTEL  BPK-72  1-Mbit  bubble 
memories,  one  Sea  Data  model  633  10-Mbit 
cassette  recorder 

Platform  transponder  and  slave  controller 
interface:  Two  independent  4,800-baud 
low-power  current  loops  (data  are  in  ASCII  with 
an  escape  character  to  mark  the  start  of  message) 
Real-time  clock:  1-year  calendar  with  resolution  of 
1  ms 

Batteries:  Nominal  24- V,  rechargeable  lead-acid 
batteries  for  short  use,  lithium  thionyl  chloride  for 
long  use 

Power  consumption:  90  pA  standby  (2.2  mW),  35 
mA  operating  (840  mW),  325  mA  (7.8  W) 
read/write  bubble  records 

Begin  experiment 
Stop  experiment 
Sample  data 

Send  data  stored  in  bubble  memory 
Arm  a  device 
Actuate  a  device 
Send  current  platform  status 
Send  status  of  last  command  accepted  from  surface 
ship 

Set  primary  slave 

Initialize  bubble  memory 

Erase  data  records  from  bubble  memory 

Reset  slave 

Set  real-time  clock 
Begin  experiment 

Get  current  deployment  and  recovery  status 
Send  status  of  last  command  accepted  from  platform 
transponder 
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to  the  surface.  A  platform  transponder  checked  that  all  commands  were  received  twice 
without  error  before  executing  them  or  relaying  them  to  a  master  controller.  A  platform 
transponder  also  encoded  all  telemetry  pings  transmitted  to  the  surface  with  error  detec¬ 
tion  and  correction  codes.  Each  platform  transponder  with  its  self-contained  battery 
supply  was  packaged  in  an  instrument  housing  like  that  of  the  master  controller.  The 
platform  transponder  specifications  are  summarized  in  Table  3. 

The  slave  controllers  actuated  mechanical  controls  and  digitized  data  from  the 
probes  and  sensors  as  directed  by  the  master  controllers.  Selection  of  a  particular  probe 
or  activation  of  a  specific  mechanical  function  was  accomplished  by  using  stepper 
switches.  A  slave  controller  was  powered  up  by  and  responded  to  commands  sent  by  a 
master  controller.  Data  commands  caused  the  slave  controller  to  power  up  various  sen¬ 
sor,  collect,  and  buffer  data  from  the  sensors  and  to  transmit  the  data  to  the  master 
controller.  Control  commands  actuated  various  devices  by  firing  squibs,  closing  relays, 
and  powering  probes  on  and  off. 

Each  slave  controller  was  connected  to  all  the  sensors  and  control  functions  through 
separate  sets  of  stepper  switches  housed  in  an  oil-filled,  pressure-balanced  junction  box. 
This  allowed  each  controller  to  have  complete  access  to  the  sensors  and  to  control 
functions  through  its  set  of  switches,  even  if  the  other  slave  controller  or  set  of  switches 
was  inoperable.  This  interconnection  scheme  also  reduced  the  number  of  penetrators  on 
the  slave  controller  and  permitted  electrical  isolation  of  the  sensors.  All  components  for 
each  slave  controller,  including  batteries,  were  designed  to  fit  into  one  cylindrical  pres¬ 
sure  housing.  A  metal  housing  was  selected  so  that  one  connector  could  be  used  to 
connect  electrical  leads  instead  of  multiple  single  penetrators,  which  are  normally  used 
with  glass  spheres. 

Several  different  types  of  sensor  interfaces  were  provided  in  the  slave  controller. 
Digital,  frequency,  and  analog  sensor  outputs  could  be  accommodated.  Digital  com¬ 
munication  occurred  through  a  serial  link,  typically  at  2400  baud.  A  precise 
period-counting  scheme  was  used  to  digitize  the  output  of  sensors  that  provided  an 
FM  signal  related  to  the  measured  variable.  Whenever  possible,  frequency-modulated  or 
digital  data  were  transmitted  between  each  sensor  and  a  slave  controller  instead  of 
analog  voltages  because  voltages  are  sensitive  to  reductions  in  the  insulation  resist¬ 
ance  between  cable  wires  and  seawater.  This  problem  can  cause  data  errors  that  are 
impossible  to  detect.  Table  4  details  the  specifications  of  the  slave  control¬ 
ler. 


Sensors 

Many  types  of  sensors  were  developed  for  ISHTE.  Table  5  lists  some  of  the  sensors  and 
their  pertinent  specifications. 

Thermocouples  were  attached  to  the  surface  of  the  ISHTE  heater  to  monitor  the 
temperature.  Two  were  positioned  at  the  top  of  the  heater,  three  around  the  middle,  one 
at  the  bottom,  and  two  at  different  elevations  in  the  implantment  tube.  The  total  was 
limited  to  eight  because  of  space  constraints  where  the  thermocouple  sheaths  were 
brought  through  the  69-MPa  pressure  interface  to  the  electronics  package.  The  digitizing 
electronics  for  the  thermocouples  consisted  of  two  independent  13-bit  A/D  converters, 
each  digitizing  the  outputs  from  four  thermocouples  and  one  platinum  resistance  sensor 
(for  measuring  the  reference  junction  temperature  of  the  thermocouples).  Thus  a  single 
electronic  failure  could  cause  a  loss  of  no  more  than  half  the  heater  temperature  data. 

The  encoded  thermocouple  data  were  sent  serially  from  the  implant  arm  to  the 
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Table  3 

Platform  Transponder  Specifications 


Respond  to  tracking  pings  from  surface  ship 

Execute  commands  from  surface  ship 

Execute  commands  from  master  controller 

Relay  commands  from  surface  ship  to  a  master  controller 

Append  error  detection  and  correction  codes  to  pings 

Transmitter:  Transformer-coupled  push-pull  class  B  transistor 
amplifier  followed  by  transducer-matching  network 
Transmit  power:  183  dB  at  1  fiPa  at  1  m  (data  telemetry), 

193  dB  at  1  /iPa  at  1  m  (tracking) 

Transducer  pattern:  Hemispherical 

Acoustic  data:  10-kHz  carrier  with  DPSK  modulation  at  2-kbaud 
data  rate  (pings  consist  of  20-bit  correlation  code  followed  by  data 
block  of  length  25  for  received  pings  and  length  25,  63,  or  256  for 
transmitted  pings) 

Receiver:  Low-noise  preamp  followed  by  bandpass  filter  followed 
by  amplifier  with  AGC,  overall  gain  90  dB 
Phase  demodulator:  Partially  coherent  detection 
Correlator:  20  bits  with  timing  resolution  of  ±  15  /xsee 
Data  processor:  2.5-MHz  NSC800  CPU,  16K  EPROM,  8K  RAM, 
IM6402  UART 

Master  controller  interface:  4,800-baud  low-power  current  loop 
(data  are  in  ASCII  with  an  escape  character  to  mark  the  start  of 
message) 

Batteries:  Nominal  24- V,  rechargeable  lead-acid  batteries  for  short 
use,  lithium  sulfuryl  chloride  for  long  use 
Power  consumption:  300  pA  standby  (7.2  mW),  21  mA  operating 
(500  mW) 

Power  on/off 

Enable/disable  reply  to  tracking  pings  (to  permit  tracking  of  multiple 
objects) 

Set  status  to  indicate  leak/low  battery  voltage 
Set  transmit  power  for  tracking/telemetry  pings 
Start  experiment  (transponder  starts  experiments  in  both  master 
controllers  to  synchronize  start  times) 

Set  master  controller  real-time  clocks 

Set  tracking  ping  response  time 

Send  test  telemetry  ping  data 

Arm  and  fire  back-up  release 

Set  deployment  and  recovery  status  parameters 

Send  status  of  last  command  accepted  from  surface  ship 

Relay  command  to  specified  master  controller 

Send  telemetry  ping  to  surface  ship 

Send  25-bit  pings  (8  data  bits/ping)  to  surface  ship 

Store  this  deployment  and  recovery  status  information 

Send  status  of  last  command  accepted  from  master  controller 
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Functions 


Components 


Commands  from 
master  controller 


Ibble  4 

Slave  Controller  Specifications 


Execute  commands  from  master  controller 
Digitize  data  from  probes  and  sensors 
Actuate  mechanical  controls 

Data  processor:  2.5-MHz  NSC800  CPU,  16K  EPROM, 
24K  RAM,  two  IM6402  UARTs 
Power  to  probes  and  sensors:  ±  12  V  at  240  mA 
Squib  firing  circuits:  10  A  into  0.25-C  load  for  >  7  ms 
A/D  conversion:  0  to  7  V  with  0.85-mV  resolution  (13 
bits) 

Master  controller  interface:  4,800-baud  low-power 
current  loop  (data  are  in  ASCII  with  an  escape 
character  to  mark  the  start  of  message) 

Digital  data  interface:  UART-compatible  low-power 
current  loop,  1,200,  2,400,  4,800,  or  9,600  baud  (data 
are  in  binary  with  8  data  bits  and  1  parity  bit) 

F/D  converter:  Sine  wave  or  square  wave  155  Hz  to 
330  kHz  with  0.0001%  resolution,  10-Hz  sampling  rate 
Batteries:  Nominal  24- V,  rechargeable  lead-acid 
batteries  for  short  use,  lithium  thionyl  chloride  for  long 
use 

Power  consumption:  70  ^A  (1.7  mW)  standby,  60  to  80 
mA  (1.4  to  1.9  W)  operating 

Send  status  of  last  command  accepted  from  master 
controller 
Arm  device 
Actuate  device 
Move  stepper  switch 

Sample  sensors  (power  probe  on,  sample  specified  groups 
of  sensors,  power  off  probe  and  send  data  to  master) 
Rapid  sample  sensors  (leave  probe  powered  on,  send  data 
from  previous  sample  to  master  while  sampling  specific 
groups  of  sensors) 

Multiple  sample  sensors  (leave  probe  powered  on,  send 
data  from  previous  sample  to  master  while  multiplexing 
samples  of  specified  groups  of  sensors  at  specified  rate) 
Send  data  from  last  rapid  sample  or  multiple  sample 
Give  me  more  data 
Power  off 
Reset 
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ISHTE  slave  controller.  The  resolution  of  the  encoded  thermocouple  outputs  was 
0.09°C/bit.  The  absolute  accuracy  and  stability  of  the  electronics  were  much  better  than 
the  inherent  long-term  stability  of  the  thermocouples,  which  was  3°C  or  less. 

Thirteen  probes,  each  containing  six  thermal  sensors,  were  to  be  driven  vertically 
into  the  sediments  around  the  heat  source  at  selected  locations.  These  thermal  probes  had 
sensing  elements  located  at  various  elevations  in  an  8-mm  diameter  Hastelloy-C276 
tube.  The  upper  end  of  the  tube  remained  above  the  sediment  and  were  sealed  into  a 
pressure  chamber  containing  the  electronics.  Resistant  elements  made  of  platinum  were 
used  as  sensors  in  the  near-field,  high-temperature  probes  (Tmax  >  50 °C);  thermistors 
were  used  in  the  far-field,  low-temperature  probes  (7^,  <  50°C).  Both  types  of  thermal 
probes  had  mercury-wetted  reed  relays  that  sequentially  switched  the  probes 's  resistance 
temperature-sensing  elements  into  a  bridge  network  of  a  single  precision  RC  oscillator. 
The  FM  output  signal  was  sent  to  the  ISHTE  slave  controller. 

The  resolution  of  the  low-temperature  probes  (thermistor  sensors)  was  0.001  °/bit 
after  period  counting  at  the  recording  station,  and  the  absolute  accuracy  was  0.02  “/year. 
For  the  high-temperature  probes  (platinum  resistance  sensors),  the  resolution  was 
0.002°/bit.  Long-term  stability  was  better  than  0.2°/year  at  0°C  and  0.3°/year  at 
200 “C.  Because  of  limitations  in  the  calibration  facility,  the  probes  were  not  calibrated 
above  200  °C.  If  the  sediment  in  the  area  of  these  probes  had  become  warmer  than 
anticipated,  the  high-temperature  accuracy  would  have  been  somewhat  degraded  because 
of  extrapolation  of  the  calibration  curves. 

Two  line-source  conductivity  probes  were  to  be  driven  vertically  into  the  far-field 
sediment.  The  line-source  probes  measured  the  thermal  conductivity  of  the  sediment  at 
the  ISHTE  site  before  the  heater  was  implanted.  During  the  data-logging  phase  of  the 
experiment,  each  line  source  was  used  as  a  thermal  probe.  These  probes  were  first  used 
to  make  in  situ  measurements  of  the  sediment  thermal  conductivity  at  MPG-I  during  the 
ISHTE  component  test  cruise  in  1984  (Olson  and  Miller  1985). 

Five  pore  water  pressure  probes  were  to  be  driven  vertically  into  the  sediment  at 
various  radial  distances  from  the  heater.  Sampling  of  the  probes  occurred  under  the 
direction  of  the  master  controller. 

A  Paroscientific  Digiquartz  pressure  sensor  measured  ambient  pressure.  The  tem¬ 
perature  of  the  water  near  the  sediment  interface  was  measured  with  five  Sea-Bird 
Electronics  oceanographic  thermometers.  One  Sea-Bird  thermometer  was  mounted  near 
the  top  of  the  ISHTE  platform  to  measure  background  water  temperature. 

An  in  situ  vane  shear  probe  measured  the  shear  strength  of  the  sediment  in  the 
vicinity  of  the  heater  at  the  end  of  the  year-long  experiment.  This  probe  was  actuated  by 
a  master  controller  on  command  from  the  surface.  Operation  of  the  vane  shear  probe  is 
described  later. 


Control  Sequence 

Before  the  platform  was  deployed,  the  real-time  clocks  for  each  master  controller  were 
synchronized.  Once  deployment  began,  a  platform  transponder,  master  controller,  and 
slave  controller  were  used  to  track  the  platform  and  to  relay  status  information  to  the 
shipboard  computer.  This  status  information  included  platform  tilt  on  two  axes,  tension 
in  the  lowering  line  and  the  ground  line  (a  back-up  recovery  line),  and  heater  tempera¬ 
ture.  After  platform  touch-down  a  transponder,  a  master  controller,  and  a  slave  control¬ 
ler  were  used  to  initiate  the  implant  of  the  line-source  conductivity  probes  and  far-field 
thermal  probes.  Then  two  independent  thermal  conductivity  measurements  of  the  sedi- 
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ment  were  made.  Next,  on  command  from  the  surface  ship,  the  pore  pressure  probes 
were  implanted  and  the  transient  pore  water  pressures  associated  with  probe  insertion 
monitored.  The  implantment  of  the  heater  and  near-field  temperature  probes  then  began. 

Status  information  concerning  heater  and  probe  deployment  was  stored  in  the  master 
controller.  Once  heater  implantment  was  initiated,  the  master  controllers  began  auto¬ 
matic  data  logging.  Each  master  controller  independently  powered  up  and  sequentially 
took  data  from  the  probes.  The  two  controllers  operated  alternately;  that  is,  each  col¬ 
lected  data  at  the  same  rate  but  operated  out  of  phase  with  the  other  by  half  the  sample 
interval.  If  either  master  controller  malfunctioned,  information  would  still  be  recorded 
by  the  other.  If  the  slave  controller  or  stepper  switch  malfunctioned,  the  affected  master 
controller  would  attempt  to  detect  the  failure  and  to  reconfigure  so  as  to  use  the  other 
slave  controller  to  allow  data  logging  to  proceed  (Miller,  Miller,  and  Olson  1986).  Data 
recovery  from  the  platform  during  the  first  few  days  of  the  experiment  and  at  6-month 
intervals  was  initiated  under  command  from  the  surface  ship. 

Ninety  days  after  beginning  the  experiment,  a  master  controller  autonomously  acti¬ 
vated  the  ion  diffusion  probe  control  system.  This  system  drove  two  ion  diffusion  probes 
into  the  sediment  and  released  tracers. 

Just  before  recovery,  the  master  controllers  were  commanded  by  the  shipboard 
computer  to  stop  the  automatic  data  logging.  A  platform  transponder,  master  controller, 
and  slave  controller  were  then  used  to  initiate  sediment  shear  strength  measurements, 
pore  water  sampling,  and  ion  diffusion  probe  overcoring.  Next,  the  retraction  of  the 
thermal  and  pore  pressure  probes  and  deployment  of  the  sediment  corers  began.  Once 
the  corers  had  been  deployed,  the  heater  was  retracted  md  the  recovery  line  released.  A 
platform  transponder,  master  controller,  and  slave  controller  were  then  used  to  provide 
tracking  and  status  information  to  the  surface  ship  during  recovery. 

Deployment  and  Recovery 
Deployment 

The  ISHTE  platform  was  relatively  heavy  for  its  size,  which  made  handling  it  on  a 
moving  ship  difficult  except  in  calm  seas.  After  the  platform  was  in  the  water  its  weight 
dropped  because  of  buoyancy,  and  it  could  easily  be  set  gently  on  the  ocean  floor.  The 
complication  with  the  ISHTE  platform  was  that  its  weight  in  water  made  a  buoyant 
recovery  from  the  deep  ocean  impractical.  Lines  had  to  be  used  to  lift  the  unit  at 
recovery.  Because  of  storms  and  fishing  activity  in  the  MPG-I  area,  however,  no  lines 
could  be  left  on  or  near  the  surface  of  the  ocean. 

The  plan  was  to  deploy  the  ISHTE  platform  as  shown  by  the  configuration  in  Figure 
9.  Because  of  the  value  of  the  equipment,  recovery  was  important.  Every  effort  was 
made  to  add  back-up  recovery  systems  to  guarantee  retrieval.  For  the  back-up  systems  to 
add  reliability  to  the  recovery  plan,  all  components  (the  platform,  anchors,  and  flotation) 
had  to  be  accurately  deployed.  Information  about  the  relative  location  of  these  major 
components  war  required  during  all  stages  of  fielding  ISHTE.  The  recovery  team  would 
be  able  to  estin  ate  the  condition  of  the  various  recovery  systems  independent  of  the 
platform  systems  by  checking  for  changes  in  location  of  the  various  components. 

The  acoustic  tracking  and  telemetry  system  described  in  this  report  provided  accu¬ 
rate  location  of  the  key  components  as  well  as  of  the  status  of  the  platform.  The  locations 
were  obtained  by  attaching  a  tracked  object  at  each  key  point  in  the  system.  The  tracking 
system  could  track  simultaneously  any  one  of  many  objects  or  the  ship  with  respect  to 


314 


C.  Mark  Percival  et  al. 


Figure  12.  Loading  Pengo  traction  winch. 

the  ocean  bottom.  The  tracking  data  from  the  platform  also  could  include  the  status  of 
sensor  systems,  the  tilt  of  the  platform,  and  the  tension  in  the  lines  attached  to  the 
platform.  Rough  values  were  provided  in  the  tracking  pulses.  More  accurate  values  of 
platform  status  could  be  obtained  at  any  time  by  terminating  tracking  and  lengthening  the 
acoustic  pulses  to  the  telemetry  mode  of  operation. 

The  R.  V.  Melville,  an  oceanographic  research  vessel  operated  by  Scripps  Institution 
of  Oceanography,  was  modified  to  allow  deployment  by  means  of  nylon  lines  and  a 
traction  winch.  The  stem  of  the  ship  has  a  3.7-m  wide  by  7-m  long  ramp  from  the  main 
deck  to  below  the  waterline.  Normally  this  ramp  is  decked  over  with  wooden  planks  and 
the  stem  end  closed.  For  handling  the  ISHTE  at  sea,  however,  the  stern  planks  were 
removed  completely  and  the  deck  planks  removed  for  ~  4  m  from  the  stem  to  the  pivot 
point  of  the  U  frame.  This  allowed  the  ISHTE  platform  to  be  positioned  with  one  end  on 
the  wooden  planks  and  the  other  end  supported  by  cantilevered  steel  beams  out  over  the 
ramp  at  deck  level.  A  removable  catwalk  in  the  ramp  allowed  access  beneath  the  plat¬ 
form  to  check  the  instrumentation  at  sea  before  launch. 

The  traction  winch  shown  in  Figure  12  for  handling  the  nylon  line  was  built  by 
Pengo  Equipment  Company.  A  unit  was  borrowed  from  the  Navy  for  ISHTE  test  opera- 
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tions  at  sea.  The  winch  delicately  handles  long  lengths  of  synthetic  line.  The  line  is 
tensioned  with  two  large-diameter,  v-grooved  wheels  that  are  lined  with  rubber.  After 
the  line  passes  around  the  two  traction  wheels,  it  is  normally  stored  on  the  drum  at  low 
tension.  Because  the  line  is  stored  at  low  tension,  it  can  be  pulled  by  hand  over  the  top  of 
the  drum  into  any  number  of  storage  bins.  For  ISHTE  the  main  lowering  line  was  stored 
on  the  drum,  and  the  back-up  recovery  line  was  stored  in  a  bin. 

The  R.  V.  Melville  was  an  ideal  ship  to  handle  the  ISHTE  platform  except  for  the 
inadequate  size  of  the  original  U  frame.  This  frame,  which  is  mounted  over  the  stem 
ramp,  was  extended  2.74  m  in  height  by  cutting  and  welding  sections  into  the  side  legs. 
The  combination  of  this  extra  reach  and  the  open  ramp  allowed  the  ISHTE  platform  to 
be  handled  over  the  stem  of  the  ship  for  deployment  and  recovery.  The  Pengo  traction 
winch,  which  is  self-contained  with  diesel  power,  was  bolted  down  on  the  starboard  side 
of  the  main  deck  ~  15  m  forward  of  the  stem  ramp.  The  nylon  lift  line  for  the  platform 
came  from  the  winch,  passed  over  a  special  sheave  supported  by  the  U  frame,  and 
fastened  to  the  tension-monitored  attachment  point  on  the  top  of  the  platform. 

The  ISHTE  deployment  was  accomplished  by  launching  the  back-up  recovery  line 
(anchor  first)  and  the  platform  on  the  main  line  and  then  acoustically  releasing  the  main 
line  1200  m  below  the  ocean  surface  (Olson  and  Miller,  1986*).  Deployment  was  begun 
by  positioning  the  ship  over  the  target  area  for  the  back-up  recovery  line  anchor  and 
lowering  the  anchor  from  the  stem  of  the  vessel.  Two  parallel  acoustic  releases  con¬ 
nected  the  anchor  clump  to  the  2.54-cm  diameter  nylon  line.  Enough  floats  to  carry  the 
line  to  the  surface  for  recovery  and  a  tracked  object  were  attached  to  the  end  of  the 
lowering  line  by  an  auxiliary  line  100  m  long.  The  assembly  and  the  anchor  were 
lowered  3050  m  until  the  midpoint  of  the  back-up  line  was  at  deck  level.  At  this  point, 
additional  glass  floats  and  another  tracked  object  were  attached  to  the  line.  The  anchor 
system  was  lowered  the  rest  of  the  way  to  the  seafloor.  When  the  anchor  hits  the  bottom, 
the  ship  was  3.9  km  from  the  targeted  location  for  ISHTE. 

As  the  ship  slowly  progressed  toward  the  ISHTE  site,  an  additional  600  m  of  back-up 
recovery  line  was  released  under  light  tension  until  the  end  was  reached.  A  line  stopper 
fastened  to  an  attachment  point  on  the  end  of  the  ISHTE  platform  was  secured  to  the  line 
several  meters  from  the  end.  The  short  length  of  remaining  line  was  laced  along  structural 
members  of  the  platform  to  the  tensioned  lift  point  on  top  of  the  platform,  where  the  end 
eye  terminated.  The  attachment  point  at  the  end  of  the  platform  had  a  system  to  monitor 
the  tension  force  in  the  back-up  recovery  line  during  deployment.  This  back-up  line  ten¬ 
sion,  along  with  the  main  lowering  line  tension  from  the  lift  point,  was  telemetered  acous¬ 
tically  to  the  surface  ship  in  each  tracking  signal  from  the  platform. 

With  a  3.8-cm  diameter  nylon  line  from  the  traction  winch  and  steadying  lines,  the 
platform  was  raised  off  the  deck  and  shifted  aft  to  the  position  shown  in  Figure  13.  In  this 
position,  the  outboard  support  pads  for  the  platform  were  clear  of  the  U-frame  supports. 
The  pads  were  pivoted  from  the  vertical  to  the  horizontal  orientation  and  secured. 

With  slight  headway  on  the  ship  and  with  the  back-up  recovery  line  trailing  astern, 
the  ISHTE  platform  was  swung  aft  with  the  U  frame  while  being  lowered  with  the 
traction  winch.  As  the  platform  submerged,  the  steadying  lines,  which  were  doubled 
through  swivel  blocks  on  the  platform,  were  slipped  free.  The  ship  slowly  moved  toward 
the  target  area  as  the  platform  was  lowered  toward  the  seafloor.  The  acoustic  tracking 
system  displayed  on  a  video  screen  the  locations  of  the  ship  and  the  platform  in  plain 
view.  The  screen  had  a  grid  that  also  showed  the  fixed  location  of  the  back-up  'me.  the 
recovery  line  anchor,  the  tracking  transponder  array,  and  the  target  area  for  ISHTE. 
Acoustic  tracking  updated  the  positions,  the  platform  depth,  and  the  maximum  values  of 
line  tensions  approximately  every  40  seconds  during  the  operation.  By  dropping  the 
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Figure  13.  ISHTE  platform  during  launch. 


platform  status  information  that  included  the  line  tensions,  the  positional  update  could  be 
made  every  20  seconds. 

To  synchronize  the  rate  of  the  ship’s  progression  with  the  lowering  rate  of  the 
platform,  a  plot  of  desired  platform  location  against  platform  depth  was  used  in  conjunc¬ 
tion  with  the  tracking  display.  The  platform  and  ship  were  continuously  tracked  so  that 
bridge  personnel  could  see  what  the  platform  was  doing  with  respect  to  ship  heading  and 
velocity  changes.  Drag  forces  on  the  platform  and  lines,  plus  line  tension  caused  by  the 
buoyancy  at  the  midpoint  of  the  back-up  recovery  line,  required  the  ship  to  pass  over  the 
platform  target  on  the  sea  floor  by  ~  100  m  before  the  platform  was  in  position  to  be  set 
down.  When  the  platform  was  within  100  m  of  the  seafloor,  the  lowering  was  interrupted 
to  allow  a  final  acoustic  test  of  the  platform’s  sensor  and  control  systems.  The  platform 
was  then  lowered  to  the  seafloor  at  ~  6  m/min.  A  test  deployment  located  the  platform 
within  133  m  of  the  target  in  5880  m  of  water.  If  desired,  better  accuracy  could  have 
been  obtained. 

The  floats  on  the  lowering  line  1200  m  below  the  surface  allowed  some  slack  line  to 
be  played  out  from  the  ship  without  fear  of  tangling  after  the  platform  rested  on  the 
bottom.  This  extra  line  allowed  the  ship  to  maintain  a  watch  circle  around  the  platform 
without  disturbing  it.  After  testing  the  platform  for  satisfactory  operation,  the  lowering 
line  was  separated  1200  m  below  the  surface  by  an  acoustic  release.  Attached  floats  on 
the  release  carried  the  release  and  line  away  from  the  taut  moor  as  soon  as  actuation 
occurred. 

Recovery  of  this  line  and  release  completed  the  deployment  of  ISHTE  as  shown  in 
Figure  9.  The  system  was  completely  free  of  surface  storms  and  fishing  activity.  After 
this  point  in  the  experiment,  all  communication  with  the  platform  was  performed  over 
the  two-way  acoustic  link. 
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Recovery 

ISHTE  recovery  was  planned  as  a  single-ship  operation  with  the  R.  V.  Melville.  Acous¬ 
tic  commands  from  the  shipboard  computer  terminated  the  experiment  and  prepared  the 
equipment  for  recovery.  A  final  acoustic  command  to  the  platform  commanded  the 
release  of  the  main  recovery  line.  Part  of  the  recovery  line  was  the  taut  moor  above  the 
platform.  The  additional  line  that  allowed  the  taut  moor  to  surface  on  release  was  packed 
in  a  bin  on  the  platform.  When  the  hydraulic  release  at  the  platform  actuated,  the 
buoyancy  of  the  taut  moor  would  float  the  end  of  the  line  to  the  surface. 

The  upper  end  of  the  recovery  line  had  an  acoustically  tracked  object  attached  so 
that  it  could  be  monitored  during  release  and  located  on  the  surface.  In  case  the  large- 
diameter  recovery  line  could  not  reach  the  surface  because  of  excessive  drag  from  the 
current,  one  glass  float  with  a  radio  transmitter  and  flashing  light  was  connected  to  it  by 
460  m  of  6.4-mm  diameter  line.  The  reduced  drag  on  this  line  would  at  least  allow  the 
float  to  surface  in  almost  any  anticipated  surface  current.  This  smaller-diameter  line  was 
stored  in  a  bucket  beneath  the  float  at  launch  and  retained  by  a  special  pressure  release. 
At  a  predetermined  depth  during  deployment  the  release  would  trip,  but  hydrostatic 
pressure  on  a  piston  would  hold  it  together.  As  the  release  approached  the  surface  during 
recovery,  the  hydrostatic  pressure  would  be  reduced.  Then  the  unit  would  separate  under 
the  buoyancy  force  of  the  float.  Most  of  the  recovery  line  was  2.54  cm  in  diameter.  The 
diameter  increased  in  a  smooth  taper  to  3.2  cm  for  the  last  125  m  at  the  platform  end. 
The  stronger  line  was  provided  for  the  final  lift  aboard  ship  (Fig.  14). 

Should  the  ISHTE  platform  not  respond  acoustically  at  the  end  of  the  1-year  experi¬ 
ment,  the  platform  would  be  recovered  with  the  back-up  line.  Either  one  of  the  two 
commercial  acoustic  releases  holding  this  line  to  the  anchor  could  disconnect  the  anchor 
on  command.  The  glass  floats  would  carry  the  end  of  the  line  to  the  surface.  A  float  with 
a  radio  transmitter  and  light  was  connected  to  the  end  of  the  line  with  a  bucket  of 
releasable  line,  like  the  unit  on  the  main  recovery  line. 

After  the  line  surfaced,  it  would  be  pulled  aboard  under  light  tendon  'vhilc  the  R  V 
Melville  maneuvered  over  the  platform.  When  the  winch  aboard  the  recovery  ship  took 
tension  on  the  heavy  line,  a  weak  link  securing  the  line  to  the  end  of  the  platform  would 
release.  The  line  termination  would  then  transfer  to  the  main  lift  point  at  the  top  of  the 
platform.  Increased  tension  would  lift  the  platform  from  the  seafloor  for  recovery. 

If  the  commercial  releases  on  the  anchor  were  not  to  actuate,  the  next  approach 
would  be  to  grapple  the  line.  An  acoustic  object  marked  the  elevated  midpoint  of  the 
back-up  line  as  a  target.  Another  tracked  object  would  be  attached  to  the  grapnel  so  that 
its  location  could  be  monitored  during  the  grappling  operation.  The  last  resort  would  be 
to  grapple  the  vertical  line  above  the  platform.  Although  this  method  has  been  used,  it  is 
difficult,  and  there  is  a  high  risk  of  cutting  the  line. 


Thermal  Response 

The  major  objectives  of  the  experiment  involved  the  investigation  of  thermally  driven 
phenomena.  To  reach  the  goals  of  the  experiment,  particular  attention  was  paid  to  heat 
transfer  aspects.  Numeric  studies  of  the  heat  and  fluid  transport  associated  with  the 
experiment  were  made.  Studies  of  sediment  properties  were  performed  to  give  the  best 
model  for  sediment  thermal  conductivity,  and  a  parameter  estimation  study  was  initiated 
to  determine  more  accurately  the  sediment  thermal  properties  from  the  planned  ISHTE. 
This  section  briefly  reviews  the  most  important  results  of  these  investigations. 
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Figure  15.  Schematic  of  heater  geometry  used  in  the  numeric  studies. 

Two  computer  programs  were  used  in  the  thermal  analyses  of  ISHTE.  Most  of  the 
thermal  design  calculations  were  made  with  a  finite-element  thermal -conduction  code. 
COYOTE,  developed  by  Gartling  (1982).  The  finite-element  grid  was  generated  with  the 
use  of  QMESH  (Jones  1982).  The  thermal  property  correlations  presented  by  Hickox  et 
al.  (1986),  adjusted  for  temperature  dependency  and  to  the  proper  porosity  for  the 
experiment  depth,  were  used  in  the  analyses.  A  schematic  of  the  ISHTE  heater  geometry 
used  in  the  numeric  studies  is  given  in  Figure  15.  rcr  the  purposes  of  analysis,  the 
region  around  the  heater  was  defined  by  an  appropriately  selected  finite-element  mesh. 
The  lateral  and  lower  boundaries  of  the  mesh  were  located  far  enough  from  the  heater 
that  the  thermal  field  of  interest  was  essentially  unaffected  by  the  presence  of  the  artifi¬ 
cially  imposed  boundaries.  The  results  described  in  the  remainder  of  this  section  were 
obtained  from  numeric  studies  based  on  the  defined  region. 

Thermal  Analyses 

One  of  the  initial  considerations  was  the  heater  power  requirement  for  the  experiment. 
Because  the  experiment  was  intended  to  run  for  about  1  year,  practical  considerations  of 
weight  and  volume  eliminated  heater  power  sources  (electrical  or  chemical)  other  than 
isotopic.  Previously  developed,  tested,  and  ocean-qualified  100-W  fuel  sphere 
assemblies  (FSAs)  (General  Electric  1977)  were  selected  for  the  heat  source  (see  later 
section). 

Calculations  were  initially  performed  for  a  four-sphere  heater  configuration.  This 
calculation  was  later  updated,  however,  to  include  the  effects  of  thermal  properties  of  a 
sediment  based  on  those  of  reconsolidated  illite  (Hickox  1984a- 1984g)  and  to  include  an 
estimated  reduced  power  of  95  W  available  from  each  sphere  at  the  time  of  ISHTE 
(Mondy  1985a).  These  results  indicated  a  maximum  temperature  at  the  heater-sediment 
interface  of  200°  to  230 °C  depending  on  the  assumed  sediment  conductivity.  Thus,  to 
produce  a  temperature  greater  than  the  250  °C  minimum  requirement  at  the  heater- 
sediment  interface,  a  fifth  sphere  was  added  to  the  isotopic  heat  source  (IHS). 

In  this  model  the  thermal  conductivity  is  expressed  by 

K  “  <1>k„  +  (I  —  <£)k,  (1) 
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where  k„  and  k,  are  the  conductivities  of  water  and  the  solids,  respectively,  and  <£  is  the 
porosity  of  the  sediment  (for  ks  the  properties  of  the  solid  are  taken  to  be  those  of  slate). 
This  model  was  shown  to  be  a  good  approximation  of  the  thermal  conductivity  of  recon¬ 
solidated  illite  at  high  temperatures  (Hadley,  McVey,  and  Morin  1980). 

Figure  16  shows  the  values  of  ks,  and  k  at  a  porosity  <f>  of  0.72.  The  thermal 
conductivities  of  slate  have  been  measured  by  Birch  and  Clark  (1940)  up  to  a  tempera¬ 
ture  of  200  °C.  Above  this  temperature  the  properties  are  assumed  to  be  constant  at  their 
values  at  200°C  as  judged  from  the  flattening  slope  of  the  curve  shown  in  Figure  16. 
Properties  of  saltwater  at  600  bar  are  represented  by  the  symbols  in  Figure  16.  These 
values  (Riley  and  Skirrow  1975)  are  only  for  fairly  low  temperatures,  but  they  are  close 
to  the  values  for  pure  water.  The  effective  k  of  the  sediment  is  fairly  constant  up  to 
150°C  and  then  decreases  as  the  temperature  increases.  Below  a  temperature  of  about 
250°C,  k  from  Eq.  (1)  is  slightly  greater  than  the  0.0091  W/(cm  •  °C)  value  given  by 
Hickox  et  al.  (1986). 

The  steady-state  isotherms  in  and  around  a  five-sphere  1HS  and  obtained  by  assum¬ 
ing  constant  sediment  thermal  conductivity  are  shown  in  Figure  17  and  are  given  by 
Mondy  (1985b).  The  maximum  temperature  of  ~319°C  occurs  inside  the  bottom  two 
fuel  spheres.  Because  the  seawater-sediment  interface  is  held  at  2.0°C  and  is  closer  to 
the  heater  than  the  other  boundaries,  the  isotherms  are  skewed  downward.  This  causes 
the  effective  thermal  midplane  of  the  IHS  to  be  about  9  cm  below  the  geometric  mid¬ 
plane.  This  can  be  seen  in  figures  17  and  18,  where  the  steady-state  temperatures  along 
the  surface  of  the  IHS  are  plotted.  Figure  19  also  shows  that  the  maximum  sediment 
temperature,  which  occurs  at  the  IHS  surface,  is  ~286°C.  The  additional  power  has 
increased  the  maximum  temperature  to  >200°C.  as  desired.  The  resulting  temperatures 
in  the  sediment  radially  out  from  the  center  of  the  heat  canister  are  shown  in  Figure  19 
and  are  compared  to  the  temperature  obtained  when  modeling  a  four-sphere  IHS. 

Although  the  exact  temperature  dependence  of  the  thermal  conductivity  of  in  situ 
sediment  is  not  known,  Eq.  (1)  gives  a  reasonable  prediction  based  on  laboratory  experi¬ 
ments  on  reconsolidatcd  sediment.  As  shown  in  Figure  20,  the  thermal  conductivity  k 
predicted  by  Eq.  (1)  is  greater  than  0.009  W/(cm  •  °C)  at  temperatures  less  than 
~250°C.  At  the  highest  temperatures  reached  in  the  sediment,  k  is  less  than  the  constant 
value  used  in  the  first  case;  the  overall  effect  of  using  the  temperature-dependent  esti- 
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Figure  16.  Values  of  ’hernial  conductivities  of  seabed  sediment  as  estimated  from  a  volume 
average  of  conductivities  of  water  and  slate. 
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Figure  17.  Isotherms  in  sediment  at  steady  state;  IHS  dissipating  475  W.  The  thermal  conductiv¬ 
ity  is  assumed  to  be  a  constant  0.0090  W/cm°C.  Isotherms  are  plotted  in  40 °C  increments  from 
40  °C  to  280  °C. 


value  used  in  the  first  case;  the  overall  effect  of  using  the  temperature-dependent  esti¬ 
mate  for  the  sediment  property  is  to  lower  the  predicted  sediment  temperatures  slightly, 
however.  This  is  shown  in  Figure  20,  where  the  predicted  temperatures  in  the  sediment 
at  locations  radially  out  from  the  heater  at  the  level  of  the  canister  midplane  are  plotted 
for  the  cases  with  constant  and  temperature-dependent  properties.  If  Eq.  (1)  does  indeed 
provide  an  upper  bound  to  the  thermal  conductivities,  as  indicated  by  recent  measure- 


Figure  18.  Temperature  distribution  on  IHS  surface  (from  the  bottom  to  the  connector)  at  steady 
state.  Note  that  the  hottest  part  of  the  heater  is  below  the  geometric  midplane. 
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Figure  19.  Steady-state  temperatures  in  sediment  out  from  IHS  geometric  midplane.  The  temper¬ 
atures  obtained  with  a  475-W  (five-sphere)  heater  and  a  380-W  (four-sphere)  heater  are  compared. 

ments,  then  the  temperatures  in  the  sediment  should  be  no  lower  than  those  shown  in 
Figure  20. 

Effects  of  Induced  Fluid  Velocity 

All  previous  calculations  assume  that  the  thermal  energy  transported  in  the  sediment  is 
by  conduction  alone.  This  assumption  may  be  assessed  by  reference  to  the  Rayleigh 
number,  which  is  representative  of  the  relative  importance  of  the  processes  of  thermal 
conduction,  natural  convection,  thermal  diffusion,  and  momentum  diffu¬ 
sion. 

Analytic  studies  of  natural  convection  in  porous  media  by  Hickox  and  Watts  (1980b) 
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Figure  20.  Steady-state  temperatures  in  sediment  out  from  IHS  geometric  midplane.  The  temper¬ 
atures  obtained  assuming  a  constant  thermal  conductivity  (0.0090  W/cm°C)  of  the  sediment  are 
compared  to  those  predicted  assuming  the  mixing  model;  average  conductivity  from  Fig.  16. 
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have  shown  that  for  Rayleigh  numbers  less  than  1 ,  energy  transport  by  natural  convec¬ 
tion  is  negligible  compared  with  that  caused  by  conduction.  For  the  seabed  case,  the 
Rayleigh  number  can  be  written  as 


kPtfigQ 

Kpa 


(2) 


where  the  parameters  are  as  defined  in  Table  6;  numeric  values  are  given  in  Table  6  for  a 
temperature  of  100  °C.  On  the  basis  of  the  parameters  in  Table  6,  the  predicted  Rayleigh 
number  is  small  enough  that  the  energy  transport  is  by  conduction.  Verification  of  con¬ 
duction  behavior  was  one  of  the  objectives  of  the  experiment. 

Even  though  the  energy  transport  by  convection  is  small  and  is  not  expected  to 
influence  the  temperature  data,  finite  fluid  motion  will  occur  in  the  sediment.  The 
MARIAH  code  (Gartling  and  Hickox  1982a,  b)  was  used  to  model  the  ISHTE  experi¬ 
ment  and  to  predict  the  induced  fluid  velocity.  The  vertical  velocities  computed  at  the 
center  and  comers  of  the  heater  cylinder  are  plotted  as  a  function  of  time  in  Figure  2 1 . 
The  calculations  were  run  for  a  permeability  of  5  X  10" 13  cm2.  The  maximum  predicted 
velocity  occurs  at  the  canister  midplane  and  is  about  2.26  x  10'8  m/s  (19.5  X  10~4  m/ 
day). 


Geotechnical  Effects 

The  heat  field  around  the  heat  source  may  have  several  effects  on  the  near-field  sedi¬ 
ment.  Temperature  gradients  will  directly  cause  flow  of  water  through  the  sediment 
pores  and  also  will  give  rise  to  pore  water  pressure  gradients  in  the  near  field.  The 
pressure  gradients  will,  in  turn,  cause  consolidation  of  these  sediments.  The  consolida¬ 
tion  process  can  be  expected  to  increase  the  density  and  strength  of  the  sediment  near  the 
heat  source.  Depending  on  the  level  of  temperature,  the  sediment  mineralogy  also  may 
be  altered.  A  change  in  mineralogy  could  result  in  a  change  in  permeability,  strength, 
and  other  characteristics  (diffusion,  adsorbtion,  etc.).  These  effects  are  summarized  in 
Figure  22.  As  indicated  above  and  in  Figure  22,  the  processes  and  effects  can  be  com¬ 
plex.  Thus  it  is  important  to  conduct  controlled  experiments  carefully  to  determine  the 
net  results. 


Table  6 

Typical  Numeric  Values  for  Parameters 
in  the  Rayleigh  Number  of  Seabed  Applications 


Symbol 

Definition 

Numeric 
value  (100°C) 

k 

Permeability 

10" 11  to  10"13  cm2 

Po 

Density  of  seawater 

1 .024  g/cm3 

0 

Thermal  expansion  coefficient  of  seawater 

7.5  x  10'4/°C 

g 

Acceleration  of  gravity 

980  cm/s2 

Q 

Power  output  (thermal) 

400  W 

K 

Effective  thermal  conductivity 

0.01  W/cm  •  °C 

p 

Viscosity  of  seawater 

2.8  X  10'3  g/cm  ■  s 

a 

Effective  thermal  diffusivity  of  sediment 

2.8  X  10~3  cm2/s 
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Previous  laboratory  and  physical  model  experiments  have  demonstrated  that  the 
strength  of  the  sediment  near  the  heater  may  increase  by  at  least  an  order  of  magnitude 
for  a  maximum  temperature  of  400  °C.  A  hardening  of  the  sediment  in  the  near  field  and 
the  possible  decrease  in  permeability  could  have  important  beneficial  effects  for  conu.  (- 
ment  because  canister  migration  and  transport  of  radionuclides  would  decrease.  There 
also  has  been  some  evidence  of  mineralogic  alterations  for  sustained  temperatures  in 
excess  of  250 °C.  These  and  other  aspects  are  discussed  in  more  detail  in  other  sections 
of  this  report. 

Geochemical  Effects 

Geochemical  experiments  were  included  to  investigate  a  number  of  phenomena  asso¬ 
ciated  with  the  heating  of  sediment  in  situ  on  the  seafloor.  It  is  not  possible  to  reproduce 
the  open  system  aspect  of  the  sediments  of  the  seafloor  in  the  laboratory,  at  least  from  a 
chemical  standpoint.  As  a  consequence,  it  is  essential  to  provide  in  situ  verification  of 
predicted  chemical  responses  of  the  sediments  to  heating.  Diffusions  of  ions,  both  into 
and  out  of  the  heated  zone,  may  strongly  influence  the  nature  of  the  reactions  occurring. 
Because  the  sorption  of  ions  on  particulate  surfaces  is  strongly  influenced  by  solution 
composition  and  the  characteristics  of  the  solid-phase  surfaces,  knowledge  of  the  compo¬ 
sition  of  the  pore  solution  as  well  as  of  the  alteration  of  the  solid  phases  is  essential  for 
predicting  migration  rates  of  species  in  solution  and  the  stability  of  canister  materials  and 
waste  canister  forms. 

Over  long  time  scales,  particularly  of  the  length  that  applies  to  waste  disposal, 
diffusion  through  solution  is  overwhelmed  by  even  exceedingly  slow  flow  of  fluid.  This 
arises  from  a  dependence  of  diffusion  on  the  square  root  of  time,  whereas  transport  from 
flow  is  proportional  to  time.  Thus  it  is  essential  to  investigate  the  occurrence  of  advec- 
tive  transport  on  an  extremely  fine  scale.  Chemical  tracer  experiments  can  stand  the 


Figure  21.  Computed  vertical  velocity  plotted  against  time  on  heater  surface. 
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Figure  22.  Effect  of  heat  on  some  sediment  properties  and  processes. 

range  of  detection  for  advective  flow  several  orders  of  magnitude  below  that  achievable 
by  thermal  methods  and  pore  pressure  gradient  measurements  (Schultheiss  and  McPhail 
1986).  The  ISHTE  geochemical  experiments  were  designed  to  investigate  the  occurrence 
of  flow  through  the  use  of  radioisotope  tracers. 

In  addition,  because  the  sediment  is  considered  the  primary  barrier  to  the  introduc¬ 
tion  of  waste  components  to  the  ocean,  the  transport  properties  of  the  sediment  are  of  the 
utmost  concern  with  regard  to  migration  of  the  isotopes  present  in  waste.  Experiments  to 
define  migration  rates  of  isotopes  of  interest  in  far-field  sediments  under  in  situ  condi¬ 
tions  were  an  integral  part  of  the  geochemistry  experiments.  The  migration  rates  derived 
from  those  experiments  will  form  the  basis  for  verifying  the  results  of  the  numerous 
laboratory  experiments. 

In  Situ  Thermal  Conductivity  Experiment 

Thermal  conductivity  measurements  (Hickox  et  al.  1986)  were  obtained  during  oceano¬ 
graphic  expeditions  to  a  study  site  in  the  north  central  region  of  the  Pacific  Ocean 
(30°21'N,  157°51'W)  -1100  km  north  of  the  island  of  Oahu.  The  study  was  con¬ 
ducted  between  September  1984  and  September  1985  (Olson  and  Miller  1985,  1986*) 
abroad  the  R.  V.  Melville. 

In  situ  measurements  of  thermal  conductivity  were  made  at  a  nominal  depth  of  80 
cm  below  the  sediment  surface  with  a  specially  developed  line-source  needle  probe  that 
incorporated  three  thermistors  and  a  heater  for  redundancy  in  the  measurement.  For 
comparison,  measurements  in  piston  cores  were  also  made  with  a  miniature  needle 
probe.  Measurements  in  these  cores  were  made  at  depths  ranging  from  8.5  to  100.5  cm 
below  the  sediment  surface.  In  addition,  one  measurement  of  thermal  conductivity  was 
made  in  a  box  core  sample  (at  a  depth  of  18.5  cm  below  the  sediment  surface)  that  was 
taken  several  kilometers  from  the  study  site.  A  summary  of  all  measurements  is  given  in 
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Table  7.  Water  content  was  determined  from  samples  acquired  during  the  geotechnical 
processing  of  the  piston  and  box  cores.  Water  contents  were  not  available  for  the  in  situ 
measurements. 

From  Table  7  it  is  clear  that  the  in  situ  thermal  conductivity  is  larger  than  any  of  the 
values  determined  from  core  samples.  Furthermore,  taken  as  a  whole  the  data  exhibit  no 
clear  dependence  on  depth  below  the  sediment  surface.  The  cores  HLC2  and  HLC3 
(HLC,  hydrostatic  core)  were  acquired  during  the  same  (second)  lowering  of  the  plat¬ 
form  that  resulted  in  the  in  situ  measurements  (APL1  to  APL3).  Aside  from  the  one 
measurement  in  the  HLC3  core  at  a  depth  of  100.5  cm,  the  data  obtained  during  the 
second  lowering  were  reasonably  consistent  in  exhibiting  a  slight  increase  in  thermal 
conductivity  with  depth.  This  trend,  however,  was  not  evident  in  the  measurements 
obtained  from  the  temperature,  porosity,  or,  equivalently,  water  content.  In  situ  pressure 
and  temperature  were  600  atm  and  2°C,  whereas  typical  values  for  shipboard  measure¬ 
ments  with  the  cores  were  1  atm  and  25  °C.  As  judged  from  the  parallel  model  and  a 
mean  water  content  of  115%,  an  increase  in  pressure  from  1  to  600  atm  results  in  an 
increase  of  3  %  in  the  effective  thermal  conductivity.  Similarly,  a  decrease  in  temperature 
from  25  °  to  2  °C  results  in  a  decrease  of  5  %  in  the  effective  thermal  conductivity.  Hence 
the  effects  of  pressure  and  temperature  tend  to  cancel  each  other.  From  the  parallel 
model,  a  decrease  of  17%  in  the  water  content  is  required  to  effect  a  5%  increase  in 
effective  thermal  conductivity.  Thus,  although  the  data  seem  to  suggest  a  lower  in  situ 
water  content,  no  solid  evidence  is  available  to  support  a  value  low  enough  to  account 
for  the  difference  observed  between  in  situ  and  shipboard  core  measurements.  Thus  we 
conjecture  that  the  in  situ  water  content  is  probably  somewhat  less  than  that  measured  in 
the  core  samples,  with  the  additional  difference  in  thermal  conductivity  being  attribut- 


Tbble  7 

Summary  of  Thermal  Conductivity  Measurements 


Sample 

number 

Depth 

Below 

Sediment 

Surface 

(cm) 

Initial 

Temperature 

Before 

Measurement 

(°C) 

Ambient 

Pressure 

(atm) 

Water 

Content0 

(%) 

K 

(W/m  •  K) 

Sample 

Type 

HLC1 

28.5 

24.5 

1 

112 

0.823 

Piston  core 

HLC1 

63.5 

24.1 

2 

225 

0.821 

Piston  core 

HLC1 

98.5 

23.8 

1 

115 

0.818 

Piston  core 

HLC2 

13.5 

24.0 

1 

117 

0.858 

Piston  core 

HLC2 

47.5 

24.9 

1 

121 

0.864 

Piston  core 

HLC2 

97.5 

27.7 

1 

116 

0.888 

Piston  core 

HLC3 

8.5 

26.4 

1 

112 

0.884 

Piston  core 

HLC3 

45.5 

26.0 

1 

113 

0.875 

Piston  core 

HLC3 

100.5 

25.0 

1 

120 

0.810 

Piston  core 

H-374 

18.5 

19.8 

1 

112 

0.832 

Box  core 

APL1 

79.5 

4.2 

600 

0.911 

In  situ 

APL2 

80.5 

3.9 

600 

0.914 

In  situ 

APL3 

81.5 

4.2 

600 

0.920 

In  situ 

“Water  contents  were  corrected  for  a  salinity  of  35  parts  per  thousand. 
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able  to  measurement  errors.  During  the  processing  of  the  cores,  weak  regions  of  sedi¬ 
ment  were  encountered  uiat  appeared  10  be  the  result  of  artifacts  ot  the  sampling  proce¬ 
dure,  further  tending  to  support  our  suggestion  of  lower  in  situ  water  content. 

Prior  studies  performed  by  Hadley,  McVey,  and  Morin  (1980)  suggest  that  the  ther¬ 
mal  conductivity  should  be  ~  1.00  W/m  •  K.  This  measurement  was  made  at  a  pressure 
of  600  atm  and  a  temperature  of  20  °C.  The  initial  water  content  was  97%  but  decreased 
during  the  test  to  a  value  in  the  range  of  80  to  88  % .  Comparing  the  core  measurements 
with  those  of  Hadley  and  colleagues  (1980)  we  note  that,  because  our  cores  were  pro¬ 
cessed  at  1  atm,  we  would  expect  the  thermal  conductivity  to  be  lower  as  a  result  of  the 
effect  of  pressure.  Also,  the  higher  water  content  in  the  cores  can  account  for  further 
reduction  in  thermal  conductivity.  We  conclude  that  the  differences  in  thermal  conductiv¬ 
ity  between  our  core  samples  and  the  results  of  Birch  and  Clark  (1940)  can  be  attributed 
to  differences  in  pressure  and  water  content.  Finally,  we  note  that  our  measurements 
compare  favorably  with  those  reported  by  Von  Herzen  and  Maxwell  (1959)  for  sediment 
core  samples  obtained  in  the  southeastern  Pacific  Ocean.  For  water  contents  in  the  range 
87  to  125%  those  investigators  reported  thermal  conductivities  in  the  range  0.98  to  0.87 
W/m  ■  K,  which  is  essentially  in  agreement  with  our  results. 

On  the  basis  of  our  limited  in  situ  data  and  their  comparison  with  core  measure¬ 
ments  and  prior  laboratory  experiments,  we  suggest  that  the  effective  in  situ  thermal 
conductivity  of  illite  marine  sediments  in  the  geographic  area  of  our  study  is  0.91 
W/m  •  K.  For  the  subseabed  disposal  of  nuclear  waste,  it  is  noted  that  the  temperature 
of  a  heat-generating  waste  canister  depends  in  an  approximately  linear  fashion  on  the 
thermal  conductivity  of  the  surrounding  medium,  with  a  lower  thermal  conductivity 
resulting  in  a  higher  canister  temperature. 

Temperature  Field  Experiment 

The  temperature  field  surrounding  the  heater  is  the  most  directly  measurable  evidence  of 
the  thermal  energy  transport  processes  in  the  sediment.  In  addition  to  providing  data  for 
a  detailed  test  of  the  model  and  properties,  temperature  field  data  are  necessary  input  for 
posttest  analyses  of  the  sediment  cores,  geochemistry  samples,  ion  migration  experi¬ 
ments,  and  pore  pressure  data.  Furthermore,  temperature  data  can  provide  evidence  of 
and  guidance  to  the  mechanisms  of  any  unexpected  phenomena  that  might  occur,  such  as 
sediment  rupture,  sediment  fluidizations,  large  changes  in  permeability,  and  the  like. 

Because  temperature  measurements  are  so  important,  the  temperature  sensor  array 
was  one  of  the  major  instrumentation  features  of  the  ISHTE  platform.  Approximately  80 
sensors  were  inserted  into  the  sediment  at  locations  away  from  the  surface  of  the  heater 
canister,  and  8  sensors  were  installed  on  the  heater  and  insertion  rod.  There  were  no 
thermal  sensors  located  at  the  0.10-m  depth  because  it  was  possible  for  the  nodule 
knockers  (the  probe  guides)  to  disturb  them.  The  locations  for  the  temperature  sensors 
are  shown  superimposed  on  the  computed  90-day  isothermal  field  in  figures  23  through 
25.  Each  figure  shows  the  sensor  locations  in  one  plane.  Plane  A  is  along  the  center  of 
the  ISHTE  platform,  plane  B  is  rotated  120°  clockwise  from  plane  A,  and  plane  C  is 
rotated  120°  counterclockwise  from  plane  A.  The  sensor  array  was  designed  to  provide 
a  detailed  temperature  map  of  the  experiment  region.  Sensors  were  provided  in  the  three 
planes  to  assess  the  uniformity  of  the  sediments,  to  provide  redundancy  at  the  most 
important  sensor  locations,  and  to  permit  replication  of  data  for  statistical  purposes. 

Temperature  on  the  heater  was  measured  by  thermocouples,  and  platinum  resistance 
thermometers  were  to  be  used  in  the  sensor  probes  out  to  a  radius  of  0.44  m.  Thermis- 
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Figure  23.  ISHTE  thermal  sensor  layout  (revised)  in  plane  of  ray  A  superimposed  on  base  case 
isothermal  pattern  at  90  days. 
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Figure  24.  ISHTE  thermal  sensor  layout  (revised)  in  plane  of  ray  B  superimposed  on  base  case 
isothermal  pattern  at  90  days. 
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Figure  25.  ISHTE  thermal  sensor  layout  (revised)  in  plane  of  ray  C  superimposed  on  base  case 
isothermal  pattern  at  90  days. 


tors  were  used  for  measurements  at  distances  greater  than  0.44  m  from  the  heater. 
Careful  calibration  ensured  that  the  temperature  measurements  had  standard  deviations 
of  3.0°,  0.2°,  and  0.03 °C,  respectively,  for  the  thermocouples,  platinum  resistance 
thermometers,  and  thermistors  (Olson  1981).  Posttest  calibration  of  the  recovered  sen¬ 
sors  along  with  the  multiyear  calibration  history  was  to  aid  in  evaluating  sensor  drift. 

Each  string  of  the  platinum  resistance  thermometers  or  thermistors  was  inserted  into 
a  Hastelloy  C-276  tube  with  8.0-mm  outer  diameter.  The  space  between  sensors  not 
occupied  with  lead  wires  was  filled  with  insulation  to  reduce  axial  conduction.  Hastelloy 
was  selected  for  the  sensor  tube  instead  of  less  conductive  quartz  so  that  the  units  were 
more  rugged  and  more  likely  to  be  recovered  intact  for  posttest  calibration  (Hastelloy 
was  more  likely  than  quartz  to  survive  the  hostile  environment  of  pressure  and  corro¬ 
sion).  After  the  platform  was  in  place,  each  sensor  probe  was  driven  into  the  sediment 
by  a  hydraulic  cylinder.  The  drive  rate  depended  on  sediment  resistance.  The  anticipated 
drive  rate  was  5  mm/s. 

Analyses  of  the  temperature  field  data  were  planned  as  follows: 

(1)  In  situ  line-source  data  were  used  to  verify  low-temperature  thermal  conductiv¬ 
ity  models. 

(2)  Measured  water  content  from  cores  was  used  to  compute  the  product  of  density 
and  specific  heat. 

(3)  With  these  properties  and  the  measured  heater  temperature  history  as  a  starting 
point,  the  model  and  parameter  estimation  technioue  was  used  to  determine  a 
first  estimate  of  thermal  conductivity  as  a  function  of  temperature. 

(4)  With  the  conductivity  estimated  in  (3),  arrival  times  of  thermal  pulses  were 
computed  at  the  various  sensor  locations  and  sensor  position  errors  were 
checked.  During  insertion,  the  sensors  may  have  deflected  slightly  from  their 
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planned  position.  If  necessary,  parameter  estimation  was  used  to  establish  cor¬ 
rect  sensor  locations. 

(5)  Temperatures  from  the  sensor  array  were  used  for  improved  estimates  of  ther¬ 
mal  conductivity. 

(6)  Improved  estimates  were  used  to  verify  the  laboratory  data  and  model. 

Large  or  consistent  deviations  of  residuals  (differences  in  computed  and  measured  tem¬ 
peratures)  would  signal  inadequacy  of  models  of  theory. 

Parameter  estimation,  also  known  as  inverse  theory,  is  a  discipline  that  provides 
tools  for  the  efficient  use  of  data  for  aiding  in  mathematical  modeling  of  phenomena  and 
in  estimating  the  constants  (i.e.,  thermal  conductivity,  thermal  diffusivity,  and  so  forth) 
appearing  in  these  models.  Thus  the  problem  of  estimating  parameters  is  finding  the 
constants. 

In  a  parameter  estimation  problem,  the  structure  of  the  differential  equation  is 
known;  measurements  of  the  input  as  well  as  of  the  initial  or  boundary  conditions  are 
available.  Some  or  all  of  the  constants  or  properties  of  the  system  may  be  unknown.  In 
this  c?se  the  problem  would  be  to  obtain  the  best,  or  optimal,  estimate  of  these  parame¬ 
ters  by  using  the  measured  values  of  input  or  output.  For  the  ISHTE  experiment,  the 
power  input  into  the  sediment  and  the  location  of  temperature-measuring  devices  and  the 
measured  temperatures  were  known  to  within  some  measurement  error,  or  noise.  From 
these  measurements  and  from  the  heat  transfer  models,  the  properties  of  thermal  conduc¬ 
tivity  and  thermal  diffusivity  could  be  inferred.  An  added  complication  is  that  both  these 
properties  are  functions  of  temperature  and  thus  are  not  real  constants. 

Ion  Migration  Experiment 
Objectives 

The  ion  migration  experiment  was  included  in  ISHTE  to  increase  the  ability  to 
detect  and  quantify  advective  flow  of  pore  fluids  as  a  result  of  heating  in  the  sediments. 
The  experiment  also  was  designed  to  provide  data  for  the  in  situ  verification  of  migration 
rates  of  radioisotopes  that  were  estimated  from  laboratory  measurements.  The  experi¬ 
ment  was  designed  to  be  fully  integrated  into  and  to  take  advantage  of  extensive  data 
derived  from  other  ISHTE  experiments. 

The  objectives  of  the  ion  migration  experiment  are  summarized  as  follows: 

(1)  to  identify,  define,  and  quantify  the  occurrence  of  advective  transport  of  heat 
and  mass  resulting  from  the  heating  of  sediment  under  in  situ  conditions 

(2)  to  provide  a  basis  for  in  situ  verification  of  diffusion  coefficients  of  interest  to 
subseabed  disposal 

(3)  to  provide  field  verification  of  laboratory  determinations  of  adsorption  coeffi¬ 
cients  for  radioisotopes  of  interest  in  the  subseabed  disposal  of  high-level 
wastes 

(4)  to  determine  advective  velocity  as  a  function  of  thermal  gradient  and  pore  pres¬ 
sure 

(5)  to  determine  the  diffusive  characteristics  of  marine  sediment  directly  under  in 
situ  conditions 

The  ion  migration  system  had  to  meet  several  stringent  criteria  for  the  experiments  to  be 
successful.  Released  radioisotopes  must  be  recovered  as  closely  as  possible  in  their  en¬ 
tirety.  This  requires  a  large  and  accurately  located  ovcrcorer.  Establishing  the  diffusive 
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Figure  26.  Position  of  near-field  tracer  release  point  and  overcore  in  relation  to  isotope  heat 
source  and  predicted  isotherms  in  surrounding  sediment.  X  inside  the  outlined  overcore  indicates 
release  point. 

properties  of  the  sediment  to  quantify  advection  rates  and  defining  diffusion  coefficients  of 
strongly  sorbed  isotopes  require  the  release  of  ions  with  a  wide  range  of  mobilities.  To 
provide  data  on  the  strongly  sorbed  species  placement  must  be  precise,  particularly  with 
regard  to  sampling.  To  avoid  artifacts  and  to  guide  postrelease  sampling,  the  release 
mechanism  must  not  be  disturbed  after  introduction  of  the  isotopes  to  the  sediment.  Fi¬ 
nally,  the  probe  and  overcorer  must  be  retracted  up  into  the  platform  at  the  completion  of 
the  experiment  to  protect  the  core  and  probe  from  disturbance  during  recovery. 


Ion  Migration  Design 

The  ion  migration  experiment  consisted  of  two  coupled  devices:  the  tracer  release  probe 
and  the  overcorer.  There  were  two  complete  units:  near  field  and  far  field.  The  near- 
field  experiment  took  place  in  the  area  of  the  75  °C  isotherm,  and  the  far-field  experi¬ 
ment  was  for  control  in  the  area  of  temperatures  less  than  5°C.  The  near-field  release 
point  was  at  a  depth  of  65  cm,  and  the  overcorer  penetrated  to  95  cm  (Fig.  26). 

The  tracer  release  and  probe  had  to  release  radioisotopes  with  mobilities  in  the 
sediment  that  differed  by  4  orders  of  magnitude.  The  release  itself  had  to  remain  undis- 
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tu-bed  in  the  sediment  for  a  period  of  9  months.  Because  the  platform  would  settle  an 
estimated  2  to  3  cm  over  the  period  of  the  deployment,  it  was  essential  that  the  release 
probes  were  mechanically  decoupled  from  the  platform.  The  faster  tracers,  however, 
were  to  be  injected  at  the  very  end  of  the  experiment  with  the  release  probe.  Mechanical 
isolation  was  achieved  by  incorporating  a  decoupling  piston  into  the  top  of  the  release 
probe.  After  the  main  implant  cylinder  drove  the  release  into  the  sediment,  the  decoupler 
was  activated  to  drive  the  release  an  additional  5  cm.  The  decoupler  piston  expanded 
after  hydraulic  pressure  was  applied  to  it;  because  it  was  springloaded,  it  retracted.  This 
retraction  left  a  clearance  of  5  cm  between  the  release  probe  and  the  implant  cylinder 
shaft. 

The  tracer  release  itself  was  a  two-stage  unit  and  could  release  tracers  at  two  different 
times.  Because  tracers  remained  in  the  release  for  a  least  several  months  betore  injection, 
the  unit  had  to  be  sealed  before  activation  of  each  section.  This  was  achieved  with  a 
double-piston  design;  the  capacity  for  two  releases  was  accomplished  simply  by  incorpo¬ 
rating  two  units  in  a  single  body.  A  schematic  of  the  release  is  given  in  Figure  27.  The 
tracer  solution  was  contained  in  v2  and  a  rinse  solution  in  v, .  Applying  pressure  to  the  top 
of  a  release  piston  caused  the  smaller  piston  to  move  down  until  v2  was  connected  to  the 
probe  passage.  At  this  point,  the  tracer  solution  was  injected  into  the  sediment  from  the 
probe  tip.  When  v2  was  emptied  the  residual  of  v,  was  expelled,  rinsing  the  probe  passage. 
A  volume  of  0.28  mL  was  used  with  an  injection  efficiency  of  95%. 

The  tracer  overcore  was  a  large-diameter  piston  core.  The  core  inside  diameter  was 
21  cm.  This  size  permitted  the  released  radiotracers  to  be  recovered  in  their  entirety.  The 
release  probe  and  the  decoupling  mechanism  for  the  probe  were  incorporated  into  the 
piston  of  the  overcorer;  this  ensured  that  the  core  over  the  tracer  release  would  be 
centered.  The  relationship  of  the  overcore  to  the  tracer  probe  is  illustrated  in  Figure  28. 
The  overcore  and  contained  tracer  release  were  recovered  simply  by  retracting  the  tracer 
probe  implant  piston,  which  was  rigidly  connected  to  the  overcore  piston.  After  retrac¬ 
tion  into  the  platform,  a  core  catcher  was  released  to  cover  the  bottom  of  the  core  barrel; 
this  prevented  washout  during  ascent  of  the  platform  to  the  ocean  surface. 

The  energy  needed  to  drive  the  various  units  of  the  ion  release  and  overcoring 
systems  was  derived  from  in  situ  pressure.  Each  implant  cylinder  was  connected  to  an 
accumulator  and  to  ambient  seawater  through  high-pressure  two-way  valves.  The  valves 
were  motor  driven  to  provide  control  of  the  implant  and  retraction  of  the  various  experi¬ 
ments.  The  valves  and  motors  along  with  some  signal-processing  electronics  were 
housed  in  a  set  of  five  motor  cases  that  were  sealed  at  1  atm. 

Control  of  the  motorized  valves  and  solenoids  necessary  to  operate  the  geochemistry 
system  was  accompli  d  with  an  electronics  package  based  on  a  Sharp  model  1211 
computer.  External  ele  ronics  included  elements  for  communicating  with  the  platform's 
master  controller  and  with  electronics  in  each  of  the  five  pressure  housings  containing 
the  motorized  valves.  Timing  for  the  initial  event  sequence,  including  implantation  of  the 
ion  migration  probes  and  release  of  tracers,  was  provided  from  the  master  controller  by 
sending  commands  to  the  geochemistry  electronics.  Communication  among  the  control¬ 
lers  was  accomplished  by  using  individual  lines  to  carry  the  signal  for  each  event.  When 
each  event  occurred,  1-ms,  11  ±  IV  pulses  were  sent  on  the  assigned  lines  by  the 
platform  controller.  Pulses  received  by  the  geochemistry  controller  were  tested  by  means 
of  pulse-width  discrimination  to  protect  against  noise;  valid  commands  were  serially 
encoded  for  transmission  to  the  valve  housings.  Receivers  in  each  housing  decoded  and 
tested  each  transmission.  When  an  appropriate  command  was  received,  the  receivers 
actuated  the  specified  valve.  The  valves  were  driven  by  bidirectional  dc  motors  through 
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a  power  transistor  and  timing  circuit.  Solenoid  actuation  for  the  tracer  releases  was 
accomplished  by  using  the  same  decoding  of  the  platform's  signals,  but  the  timers  and 
drivers  were  housed  in  the  controller  case  and  wired  directly  to  the  solenoids. 

Geochemistry  events  occurring  near  completion  of  the  ISHTE  were  timed  and  con¬ 
trolled  by  the  Sharp  computer.  A  discrete  crystal  circuit  provided  the  time  base  to  the 
Sharp,  with  software  being  used  to  verify  times  for  carrying  out  events.  Commands  were 
generated  by  the  computer;  as  was  the  case  with  those  from  the  platform’s  controller, 
these  commands  were  serially  encoded  for  transmission  to  the  valve  housings. 


Tests  and  Development 

The  tests  carried  out  in  support  of  the  equipment  developed  for  these  experiments  fall 
into  two  categories.  The  first  category  is  geochemical  and  release  tests  conducted  to 
evaluate  the  release  and  the  possible  introduction  of  artifacts  during  implant  as  well  as  to 


RELEASE 


RELEASE  1 


Figure  27,  Drawing  of  two-stage  tracer  release  used  in  ion  migration  experiments.  The  left 
release  is  shown  in  the  loaded  position  prior  to  any  motion.  The  right  release  is  shown  at  the 
moment  tracer  is  first  injected  into  the  sediment. 
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Figure  28.  Schematic  drawing  of  ion  migration  probe  and  cylinder  coupled  to  overcore  device.  Both  the  retracted  and 
ex'  ;nded  (deployed)  positions  of  the  ion  migration  probe  are  shown. 
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develop  and  evaluate  sampling  methods  and  the  limits  on  defining  diffusion  coefficients 
through  these  experiments.  These  tests  had  the  further  objective  of  making  basic  mea¬ 
surements  of  diffusion  coefficients  in  situ  at  Buzzards  Bay,  Massachusetts,  the  area 
where  our  tests  were  conducted.  The  second  category  is  testing  of  the  mechanical  integ¬ 
rity  of  the  components  and  the  operation  of  the  integrated  system.  These  tests  were 
carried  out  at  the  MPG-I  site  in  the  North  Pacific  on  two  test  cruises. 

A  large  number  of  experiments  were  carried  out  in  the  sediments  of  Buzzards  Bay. 
The  objectives  were  to  look  for  experimental  artifacts  affecting  tracer  migration  and  to 
develop  sampling  techniques.  Many  of  these  experiments  employed  a  release  quite  dif¬ 
ferent  from  that  described  previously.  This  release  was  originally  planned  for  the  ISHTE 
experiment  but  was  discarded  in  favor  of  the  unit  shown  in  Figure  27  and  primarily  on 
the  basis  of  modeling  considerations.  The  results  obtained  with  the  original  design  are, 
for  the  most  part,  applicable  to  the  new  release.  The  original  design  was  a  modification 
of  the  “peeper”  concept.  The  release  consisted  of  a  series  of  chambers  cut  into  a  1.5-in 
diameter  rod. 

Each  chamber  was  isolated  vertically  and  covered  with  a  permeable  membrane.  The 
membrane  permitted  the  chamber  to  be  in  diffusive  contact  with  the  surrounding  sedi¬ 
ment.  The  chambers  could  be  covered  with  a  shutter  (in  situ)  to  seal  them  from  their 
surroundings.  The  middle  chamber  contained  the  radiotracer,  and  the  surrounding  cham¬ 
bers  (10  above  and  11  below)  were  passive;  the  surrounding  chambers  contained  no 
spike  at  the  beginning  of  the  experiment.  The  probe  (Fig.  29)  was  inserted  into  the 
sediment  with  the  shutters  closed;  opening  the  shutter  exposed  all  chambers  to  the  sur¬ 
rounding  sediment  and  initiated  the  diffusive  spread  of  the  radiotracer.  The  passive 
chambers  equilibrated  with  the  sediment  adjacent  to  their  surface  throughout  the  experi¬ 
ment.  At  the  conclusion  of  an  experiment,  the  shutters  were  closed  in  situ  to  preserve  the 
vertical  profile  of  the  tracer  in  the  chambers.  The  probe  was  overcored  by  divers  and 
sampled  about  the  source  chamber  to  provide  an  independent  measure  of  diffusive 
spread.  The  results  of  the  sediment  distributions  then  provided  a  basis  for  evaluating  the 
chambers.  The  sediment  sampling  itself  was  also  a  developmental  process  central  to 
establishing  techniques  to  obtain  maximum  sensitivity  in  determining  very  low  diffusion 
coefficients. 

Two  deployments  were  made  expressly  to  investigate  the  possible  occurrence  of 
enhanced  diffusion  in  the  thin  skin  of  sediment  adjacent  to  the  probe  wall  that  is  dis¬ 
turbed  during  implant.  The  original  design  represented  a  worst  case  in  this  regard  be¬ 
cause  its  diameter  was  1.5  in  compared  to  only  0.125  in  for  the  new  probe.  ,6C1  was 
used  in  this  test  because  it  is  not  sorbed  by  the  sediment  and  is  thus  most  subject  to 
changes  in  the  geometric  factors  influencing  diffusion.  Sediment  from  the  radial  interval 
0  to  2  cm  was  sampled  over  the  length  of  the  probe  for  comparison  with  the  chamber 
compositions.  The  results  are  given  in  Figure  30.  As  is  readily  apparent,  the  sediment 
data  are  indistinguishable  from  the  chamber  data.  A  quantitative  evaluation  of  the  two 
methods  that  related  to  the  object  of  the  geochemical  experiments  was  done  to  compare 
diffusion  coefficients  calculated  for  the  different  sample  sets.  The  data  are  included  in 
Figure  30.  As  in  the  case  of  the  graphic  representation,  the  results  are  indistinguishable. 
In  the  case  of  the  August  5  recovery,  each  side  of  the  probe  was  sampled  separately. 
These  two  sets  of  samples  also  yielded  indistinguishable  distributions  and  diffusion  coef¬ 
ficients.  We  conclude  from  these  results  that  the  disturbance  accompanying  implant, 
even  for  a  large  probe,  has  no  detectable  influence  on  determining  diffusion  coefficients. 
Furthermore,  the  distributions  about  the  probe  are  essentially  symmetric. 

A  series  of  deployments  was  made  to  define  the  working  range  for  which  these 
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Figure  29.  Peeper  tracer  release  probe  used  for  many  of  the  in  situ  diffusion  experiments  in  Buzzards  Bay.  OD,  outer  diameter;  ID,  inner  diameter. 
The  sheath  is  the  shuttering  mechanism  used  to  isolate  the  chambers  from  any  back  diffusion  during  recovery. 
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experiments  would  be  suited.  In  particular,  it  was  necessary  to  determine  whether  migra¬ 
tion  of  the  strongly  sorbed  nuclides  of  interest  in  waste  disposal,  such  as  the  actinides, 
can  be  resolved.  Three  classes  of  tracers  were  used:  36C1  as  a  nonsorbed  ion,  85Sr  as  a 
weakly  sorbed  cation,  and  236Pu  and  243 Am  as  strongly  sorbed  nuclides.  The  results 
presented  in  Figure  30  are  representative  of  the  36C1  data  obtained.  Determination  of 
diffusion  coefficients  was  good  to  about  10  to  15%.  Results  typical  of  85Sr  are  given  in 
Figure  31.  Data  for  a  number  of  horizontal  sections  are  included.  The  scatter  is  not  all 
analytic  but  reflects  real  variation  in  the  diffusion  coefficients  as  evidenced  by  the  con¬ 
sistency  of  individual  symbols.  Precision  is  on  the  order  of  that  for  Cl,  ~  10%.  The  data 
representation  of  Cl  and  Sr  was  derived  from  a  spherically  symmetric  point-source 
model,  in  which  the  slope  of  the  plot  yields  the  diffusion  coefficient.  This  is  an  oversim¬ 
plification,  but  it  is  adequate  for  sampling  on  a  scale  of  several  centimeters  to  10  cm. 

The  results  of  the  experiment  with  Pu  and  Am  are  given  in  Figure  32.  The  scale  of 
migration  for  these  nuclides  is  greatly  reduced;  it  is  less  than  1.5  cm.  This  distribution 
cannot  be  treated  as  a  point  source.  The  curves  in  Figure  32  are  for  a  volume  source  of 
the  release  characteristics.  The  scatter  is  greater,  which  is  almost  certainly  the  result  of 
difficulties  in  accurately  sampling  at  0.5-cm  intervals.  As  indicated  by  the  curves,  the 
data  are  bracketed  by  diffusion  coefficients  of  (2  to  4)  X  10  9  cm2/s.  This  is  a  fair 
estimate  of  precision  (a  factor  of  2).  The  data  also  indicate  that  the  lower  limit  of 
diffusion  that  we  can  work  with  is  ~  10“9  cm2/s. 
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Figure  30.  Graphic  representation  of  data  from  two  experimental  releases  of  36C1  in  sediments  of 
Buzzards  Bay.  The  0-2  cm  data  are  from  analysis  of  1  -cm-thick  horizontal  sections  extending  out 
2  cm  from  the  probe  wall.  “Chambers”  refers  to  samples  taken  from  the  chambers  of  the  probe. 
Also  indicated  are  the  diffusion  coefficients  obtained  from  modeling  the  distribution  of  activity 
around  the  source  as  a  spherically  symmetrical  point  source,  i.e.,  proportional  to  the  slope  of  the 
plots  of  this  figure. 
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Figure  31.  Plot  of  85Sr  activity  around  source  chamber  as  in  Fig.  30.  The  various  symbols  are  used 
indicate  the  separate  horizontal  sections  above  and  below  the  source  for  which  data  were  obtained.  All  i 
data  were  obtained  from  sediment  samples  in  tf-  radial  interval  0  to  4  cm. 


To  be  successful,  the  tracers  must  stay  in  solution  while  they  are  contained  in  the 
release.  Tests  were  carried  out  to  ascertain  the  conditions  that  would  ensure  this.  Solu¬ 
tions  were  stored  in  tubing  of  the  same  material  as  the  releases  and  with  the  same 
surface-to- volume  ratio  as  the  release  chambers  for  a  period  of  several  months.  These 
tests  indicated  loss  of  the  actinides  at  pH  >3.5.  Consequently,  we  used  a  tracer  solution 
with  the  pH  of  3.0  for  ISHTE.  The  solution  is  stable  in  the  316  stainless  steel  from 
which  the  releases  were  made.  The  effects  of  pH  from  the  release  of  0.28  mL  of  such  a 
solution  were  dissipated  within  a  few  days  and  thus  did  not  affect  the  long-term  migra¬ 
tion  of  the  radioisotopes.  Tests  of  migration  after  a  10-day  deployment  showed  no  signif¬ 
icant  early  migration  that  could  be  attributed  to  pH-induced  artifacts. 

The  near-field  ion  migration  system  was  mounted  on  a  platform  of  its  own  for  the 
component  test  cruise  at  MPG-I.  This  was  the  first  deep-sea  deployment  of  the  equip¬ 
ment  that  included  the  ion  migration  and  overcore  systems  along  with  the  required 
electronics  controller  and  valve  housings.  For  the  experiment  to  be  successful,  the  ion 
migration  probe  had  implant,  decouple,  release  the  tracer,  and  retract  with  the  overcore. 
This  failed  on  all  three  platform  launches.  The  valves  controlling  implant  did  not  re¬ 
spond  to  the  implant  signal.  As  a  result,  the  probe  was  not  implanted  in  the  sediment  on 
the  first  two  deployments.  The  decoupler  was  activated  and  operated  as  designed.  The 
release  also  operated  successfully  when  set  to  release  and  when  not  triggered  (the  latter 
operation  established  that  no  premature  release  would  occur). 

On  the  third  deployment,  the  control  valves  for  the  pore  water  system  were  used  to 
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Figure  32.  Plot  of  distribution  of  Plutonium  (236Pu)  and  Americium  (24lAm)  in  sediments  about 
release  point.  The  solid  lines  are  model  calculations  of  predicted  distributions  for  a  volume  source 
with  the  geometry  of  the  release.  The  values  adjacent  to  these  curves  are  the  diffusion  coefficients 
used  for  the  calculation  in  units  of  10’9  cm2/s  (2  x  10~9  cm'2/s). 
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control  most  of  the  ion  migration-overcore  operation.  In  this  configuration,  operation 
was  largely  successful.  Implant,  decoupling,  release,  and  retraction  occurred  as  de¬ 
signed.  The  failure  of  one  of  the  original  implant  valves  after  the  experiment  caused  the 
extrusion  of  the  core  and  prevented  recovery  of  the  sediment.  In  each  deployment,  the 
core  catcher  was  successfully  closed. 

Overall,  the  cruise  pointed  up  one  specific  deficiency.  The  hydraulic  control  that 
interfaced  the  various  components  was  inadequate.  Specifically,  one  of  the  15  valves 
leaked  through  the  packing,  and  the  electrical  capacitance  at  in  situ  pressure  and  temper¬ 
ature  was  sufficient  to  make  the  signal  strength  marginal.  In  addition,  difficulties  in 
communicating  with  the  platform  through  the  platform’s  acoustic  link  led  to  the  develop¬ 
ment  of  a  default  control  that  would  cause  the  WHOI  controller  to  take  command  of  the 
final  sequence.  This  was  done  to  protect  against  the  eventuality  that  the  acoustic  signal 
could  not  be  received  by  the  platform’s  master  controller. 

A  test  of  the  complete  ISHTE  platform  with  all  the  experiments  on  board  was 
planned  for  the  ocean  test  cruise.  For  the  geochemistry  program,  this  included  both  the 
near-field  and  the  far-field  systems  for  the  ion  migration  experiment.  In  many  respects, 
this  test  was  less  successful  for  the  geochemistry  experiments  than  the  component  test 
cruise.  The  failure  of  the  acoustic  signals  to  be  received  for  the  initiation  of  the  geo¬ 
chemistry  experiments  short-circuited  much  of  the  evaluation  program.  The  default  por¬ 
tion  of  the  sequence  was  initiated,  but  leaking  valve  packings  that  flooded  one  pressure 
housing  prevented  proper  operation.  Those  signals  actually  sent  from  the  WHOI  control¬ 
ler  were  received  and  acted  on  by  the  proper  valve  controllers,  but  the  short  in  the 
electronics  also  caused  a  number  of  random  signals  to  be  received  and  acted  on. 

As  on  the  previous  deep-sea  test,  the  valves  necessary  to  interface  the  system  as  a 
whole  failed.  All  valves  had  to  operate  for  the  experiments  to  be  carried  out  successfully. 
The  repeated  failure  of  two  valves  despite  specific  corrective  efforts  led  to  the  conclu¬ 
sion  that  the  valves  could  not  be  used  in  their  present  configuration.  The  pressure  across 
the  valve  packings  will  have  to  be  eliminated  by  placing  them  in  oil-filled  cases. 

With  one  crucial  exception,  the  various  components  were  successfully  tested  in  the 
deep  sea.  The  one  exception  was  the  valve  control  system  essential  to  integrating  the 
entire  collection  of  equipment.  Because  of  this  failure,  the  integrated  operation  of  the 
entire  system  could  not  be  satisfactorily  demonstrated.  The  valves  controlling  system 
integration  must  be  modified  and  a  field  operation  of  the  entire  package  successfully 
demonstrated  before  any  full-scale  experiment  is  attempted. 


Pore  Pressure  Experiment 

Measurement  and  careful  assessment  of  the  pore  pressures  developed  during  ISHTE 
were  crucial  because  excess  pressure  reduces  the  strength  and  effective  stress  of  the 
sediment  and  because  water  flow  will  occur  away  from  the  heater  as  the  thermal  gradi¬ 
ents  develop  around  the  heat  source  or  canister.  Pore  pressure  increases  can  cause  time- 
dependent  changes  in  the  physical  and  mechanical  properties  of  the  sediment  and  thus 
affect  its  isolation  capacity  for  the  waste.  The  pore  pressure  measurements  were  used  to 
check  computer  models  developed  for  ISHTE  and  the  SDP  (Percival  1982;  McTigue  and 
Gartling  1986).  The  ISHTE  platform  had  five  piezometers  to  measure  insertion  pres¬ 
sures  (excess  pressures  generated  during  sediment  penetration),  their  pressure  decay 
characteristics,  and  the  pore  pressure  field  resulting  from  the  induced  thermal  field.  The 
probe  locations  were  selected  to  be  at  the  heater  middepth  and  at  the  following  radial 
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distances,  which  correspond  to  various  predicted  sediment  temperatures  after  steady 
state  is  realized: 

•  one  probe  at  14  cm  (190°C) 

•  three  probes  at  54  cm  (40  °C) 

•  one  probe  at  154  cm  (10°C) 

Pore  pressure  measurements  provide  not  only  ambient  static,  dynamic,  and  transient 
pore  water  pressure  conditions  but  also  a  means  of  determining  the  in  situ  permeabili¬ 
ties,  undrained  shear  strength,  and  soil  bulk  and  elastic  properties  (Bennett  et  al.  1982, 
1986a,  1986b,  1989;  McTigue,  Lipkin,  and  Bennett,  1986;  Lipkin,  Bennett,  and 
McTigue  1986). 

The  piezometer  probe(s)  consisted  of  an  8-mm  diameter  Ti  tube  that  attached  to  a  tip 
with  a  cone  angle  of  approximately  5.3°  (Bennett  and  Faris  1979).  A  porous  stone  filter, 
which  allowed  pore  water  pressure  to  be  transmitted  to  the  pressure  sensor,  was  fastened 
between  the  Ti  tube  and  the  probe  tip  (Fig.  33).  Pore  pressure  was  transmitted  through 
the  porous  stone  to  an  internal  tube  fastened  to  the  positive  side  of  the  pressure  sensor. 
The  differential  pressure  sensor  was  pressure  balanced  by  a  similar  internal  tube  that  ran 
from  the  negative  side  of  the  pressure  sensor  to  the  top  of  the  porous  stone  retainer  but 
was  isolated  from  the  porous  stone.  The  pressure  sensor  was  enclosed  in  a  stainless  steel 
housing  that  was  pressure  compensated  to  in  situ  hydrostatic  pressure  (Fig.  33).  The 
stainless  steel  pressure  sensor  housing  was  physically  separated  from  the  Ti  by  high- 
dielectric  polycarbonate  material. 
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Figure  33.  General  mechanical  configuration  of  deep  ocean  piezometer  probe  developed  for 
ISHTE. 
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Figure  34.  Block  diagram  of  major  components  of  deep  ocean  piezometer  probe  system  and 
interface  with  APL  dau  acquisition  svstems. 


The  piezometer  electronic  system  consisted  of  three  main  components:  pressure 
sensor,  signal  conditioner,  and  interface.  Solid-state  signal  conditioning-electronics  were 
enclosed  (at  atmospheric  pressure)  in  a  stainless  steel  capsule  and  located  directly  above 
the  pressure  sensor  capsule.  Figure  34  depicts  the  major  components  of  the  system  and 
their  interface  with  the  ISHTE  platform  data  logging  system.  A  variable-reluctance, 
differential  pressure  transducer  measured  excess  pore  water  pressure  directly  (differen¬ 
tial  above  hydrostatic).  Further  details  of  the  piezometer  system’s  mechanical  and  elec¬ 
tronic  components  and  performance  can  be  found  in  Bennett  et  al.  (1985b). 

Comprehensive  piezometer  testing  and  evaluation  were  completed  in  support  of 
ISHTE  objectives.  Two  laboratory  and  two  field  experiments  were  conducted  from  1981 
to  1985.  Piezometers  were  deployed  during  field  exercises  at  MPG-I  in  1984  and  1985. 
The  probes  were  an  integral  part  of  the  ISHTE  simulation  (ISIMU)  at  David  Taylor 
Naval  Ship  Research  and  Development  Center  (NSRDC)  in  Annapolis,  Maryland  in 
1981  and  at  a  post-ISIMU  experiment  at  SNLA  in  1984.  Details  of  these  activities, 
including  objectives,  piezometer  performance,  precision,  data  analysis,  and  significance 
of  results,  have  been  thoroughly  documented  (Percival  et  al.  1980;  Percival  1982;  Valent 
et  al.  1985;  Bennett  et  al.  1982,  1986a,  1986b,  1989,  in  press;  Lipkin.  Bennett,  and 
McTigue  1986;  Riggins  et  al.  1985;  Walter,  Burns,  and  Valent  1986). 

Extensive  in-house  testing  of  piezometer  components  at  high  pressure  (69  MPa)  was 
completed  to  assess  performance  stability,  reliability,  and  sensitivity  of  pressure  sensors 
(Bennett,  Burns,  and  Lambert  1981a,  1981b;  Bennett  et  al.  1983;  1989).  Testing  was 
carried  out  with  a  high-pressure  calibrator  designed  to  operate  in  a  pressure  chamber. 
The  calibrator  loads  a  differential  pressure  transducer  by  increasing  or  decreasing  the 
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static  loads  incrementally.  Static  loads  can  be  held  for  periods  of  several  hundred  hours 
(Bennett  et  al.  1986a;  1985b;  in  press). 

During  the  ISIMU  test,  pore  water  pressures  were  monitored  with  two  piezometer 
probes  placed  at  selected  radial  positions  from  the  heater  (Percival  1982;  Bennett  et  al. 
1985b).  Each  probe  was  inserted  independently  at  atmospheric  temperature  and  pres¬ 
sure.  During  probe  insertion  sediment  deformation  occurred,  and  excess  pore  water 
pressures  (U,)  were  generated.  These  pressures  reached  a  maximum  along  the  probe- 
sediment  interface.  Maximum  insertion  pressures  were  different  for  probes  1  and  2  (Fig. 
35).  These  differences  may  have  been  caused  by  greater  sediment  disturbance  around 
probe  1  from  remolding  by  the  heater.  It  should  be  noted  that  probe  1  was  inserted  to 
lo.9  cm  and  probe  2  to  26.4  cm  below  the  sediment  surface.  In  a  normal  and  consoli¬ 
dated,  cohesive,  fine-grained  sediment,  the  time  required  for  these  induced  excess  pore 
pressures  to  dissipate  to  ambient  pressure  is,  to  a  first  approximation,  a  function  of  the 
probe  radius  and  the  sediment  coefficient  of  consolidation  and  is  thus  dependent  on  the 
permeability  of  the  material  (Soderberg  1962;  Wroth,  Carter,  and  Randolph  1979).  Fig¬ 
ure  35  depicts  these  characteristics  for  the  ISIMU  experiment.  Data  analyses  are  dis¬ 
cussed  by  Percival  (1982)  and  Bennett  et  al.  (1985b,  1986a,  1986b).  Important  geotech¬ 
nical  properties  such  as  permeability  ( k ),  induced  excess  pressure  ((/,)  and  ambient 
excess  pressure  (Ur),  effective  vertical  stress  (a',),  undrained  shear  strength  (S„),  and 
the  coefficient  of  vertical  consolidation  (Cv)  can  be  derived  from  piezometer  measure¬ 
ments  (Bennett  et  al.  1982,  1986b,  1989;  McTigue,  Lipkin,  and  Bennett  et  al.  1987; 
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Figure  35.  Dissipation  of  excess  pore  pressures  from  8-mm  diameter  probe  inserted  into  reconsti¬ 
tuted  illitic  red  clay  soil  measured  by  differential  pressure  sensors. 
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Lipkin,  Bennett,  and  McTigue  1986).  C  and  Ch  (coefficient  of  horizontal  consolidation) 
are  considered  essentially  identical  (Bennett  et  al.  1986b;  Burkett  et  al.  1987). 

After  pressurization  of  the  ISIMU  sediment  tank  and  instrumentation,  on  1 1  No¬ 
vember  1981  heater  power  was  initiated  to  induce  thermal  gradients  in  the  illitic  sedi¬ 
ments  (Percival  1982).  The  power  selected  was  115  W,  which  generated  a  maximum 
temperature  change  of  -206°C. 

Excess  pore  pressures  in  the  near  field  (piezometer  1)  responded,  reaching  a  maxi¬ 
mum  of  ~07  psi  (4.8  kPa).  The  far-field  piezometer  detected  excess  pore  pressures  after 
-240  to  300  minutes  as  depicted  in  Fig.  36.  After  stabilization  of  the  thermal  field 
(steady  state,  211°C)  the  near-field  pore  pressures  diminished  and  approached  stable 
excess  pressure,  and  the  far-field  pore  pressure  increased  and  also  stabilized  with  a  slight 
excess  pore  pressure  (Fig.  36).  Later  in  the  experiment,  an  increase  in  heater  power  was 
generated;  it  was  generated  with  a  smaller  change  in  temperature  (A80°C  with  power  at 
160  W;  steady-state  temperature,  291  °C),  however.  Excess  pore  pressures  followed  the 
same  general  trends,  with  maximum  U,  reaching  -0.2  psi  (1.4  kPa)  above  the  steady- 
state  excess  pore  pressure  established  during  the  first  stage  of  induced  thermal  gradients 
at  211°C.  Clearly,  the  piezometers  responded  to  the  insertion  pressures  and  thermal 
gradients  as  expected. 

Three  piezometer  probes  were  field  tested  during  the  1984  1SHTE  component  test 
cruise  to  MPG-I  Two  probes  (PP-1  and  PP-3)  were  implanted  in  undisturbed  sediment 
at  radial  distances  of  10.7  cm  and  67.0  cm  from  the  heater  surface.  The  other  piezome¬ 
ter,  PP-2,  was  inserted  10.8  cm  from  the  heater  surface  after  implantment  of  the  heater. 
The  objective  was  to  measure  possible  effects  of  sediment  disturbance  caused  by  heater 
insertion  as  detected  in  the  excess  pore  pressures  generated  by  piezometer  PP-2  inser¬ 
tion.  PP-2  insertion  pressure  (approximately  2.4  psi  or  17  kPa)  was  less  than  the  inser¬ 
tion  pressure  generated  by  PP-3  (4.3  psi  or  30  kPa)  but  slightly  more  than  the  induced 
pressure  observed  for  PP-1  (2.2  psi  or  15  kPa).  These  differences  probably  reflect 
differences  in  sediment  variability. 

PP-1  pore  pressure  response  to  probe  insertion  and  its  decay  characteristics  are 
depicted  in  Fig.  37.  Approximately  1  hour  into  the  dissipation  of  (/,  the  heater  was 
inserted,  and  its  induced  pressure  was  recorded  as  measurable  by  PP-1.  Before  the 
complete  dissipation  of  U,  generated  by  the  heater  and  measured  by  PP~  1 ,  piezometer 
PP-2  was  inserted,  its  induced  pressure  was  only  slightly  measurable  by  PP-1 .  As  clearly 
indicated,  the  heater  required  considerably  more  time  (as  predicted  by  theory)  for  dissi¬ 
pation  compared  to  the  smaller-diameter  probes. 

During  1985  an  ISHTE  ocean  test  cruise  to  MPG-I  was  completed  with  all  the 
planned  instrumentation,  including  five  fully  operational  piezometer  probes.  The  inser¬ 
tion  pressures  appeared  to  be  reasonable;  nevertheless,  these  pressures  were  slightly  less 
than  the  pressures  observed  for  the  three  piezometers  during  the  previous  component 
ocean  test.  This  may  indicate  that  the  sediments  tested  on  the  1985  cruise  were  of 
slightly  lower  strength  than  those  tested  during  1984  or  that  the  piezometer  filter  may 
have  penetrated  to  a  slightly  greater  depth  below  the  seawater-sediment  interface  during 
the  1984  test. 

Laboratory  and  field  investigations  with  deep-ocean  piezometer  probes  have  shown 
the  importance  and  feasibility  of  making  pore  pressure  measurements  for  sea-floor  engi¬ 
neering  applications  and  other  geotechnical  site  evaluations.  In  situ  pore  water  pressure 
measurements  provide  a  quantitative  means  of  assessing  the  consolidation  state  of  sedi¬ 
mentary  deposits  and  time-dependent  changes  in  vertical  effective  stress  in  resp^0*:**  to 
human-induced  and  naturally  occurring  environmental  forcing  functions.  Pore  pressure 


346 


C.  Mark  Percival  et  al. 


TIME  (minutes) 

Figure  37.  On-bottom  data  history  for  piezometer  1  (1984). 

tests  during  ISIMU  demonstrated  the  importance  of  these  measurements  in  evaluating 
the  influence  of  thermal  gradients  induced  in  the  sediment  because  of  temperature  in¬ 
creases  generated  by  a  heat  source  (e.g.,  heat  probe,  radioactive  canister,  and  the  like). 
Pore  pressure  measurements  make  it  possible  to  evaluate  th;  in  situ  permeability,  the 
undrained  shear  strength,  and  the  elastic  properties  of  submarine  sediments. 

Shear  Strength  Experiment 

It  is  anticipated  that  the  sediment  strength  will  increase  appreciably  because  of  the  high 
temperature  around  the  heat  source.  The  changes  in  sediment  shear  strength  must  be 
measured  in  situ  because  it  is  difficult  to  duplicate  the  ISHTE  conditions  in  the  labora¬ 
tory.  Data  on  these  changes  will  be  important  in  assessing  the  behavior  of  the  canister 
and  surrounding  sediments  over  long  periods  of  time.  Initial  modeling  studies  indicate 
that  the  canister  will  move  relative  to  the  sediment  because  of  the  accumulation  of  creep 
deformations  resulting  from  imposed  stresses.  Nevertheless,  the  increased  sediment 
stiffness,  manifested  by  an  increase  in  strength,  will  tend  to  counteract  these  long-term 
creep  effects.  Therefore,  the  changes  in  strength  properties  must  be  determined  to  com¬ 
plete  the  modeling  studies. 

Initial  laboratory  experiments  at  high  pressure  indicated  that  heating  of  illite  sedi¬ 
ment  to  400  °C  results  in  an  increase  in  shear  strength  by  a  factor  of  6  to  10  (Hadley, 
McVey,  and  Morin  1980).  In  these  experiments,  however,  it  was  necessary  to  cool  down 
and  depressurize  the  sediment  sample  before  conducting  strength  tests.  Therefore,  it  is 
not  possible  to  determine  what  the  actual  effects  were  while  the  sediment  was  at  high 
pressure  and  high  temperature. 
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ISIMU  provided  the  first  opportunity  to  measure  strength  properties  at  various  tem¬ 
perature  conditions  while  the  sediment  was  at  high  pressure.  An  in  situ  vane  (1SV)  probe 
designed  for  ISHTE  was  modified  and  used  in  the  simulation  experiment.  This  experi¬ 
ment  indicated  that  heat  had  a  marked  effect  on  the  shear  strength  of  the  sediment  (Babb 
1982;  Silva  et  al.  1985).  The  results  are  summarized  in  Figure  38. 

The  pretest  and  unheated  zone  posttest  measurements  were  made  at  atmospheric 
pressure  at  a  considerable  distance  from  the  heater.  The  heated  profile  was  taken  al  55 
MPa  just  before  the  heater  was  turned  off,  with  the  closest  proximity  of  the  ISV  to  the 
heater  surface  being  0.6  cm.  These  initial  results  clearly  show  that  the  sediment  strength 
changes  dramatically  because  of  high  temperatures,  with  an  approximate  tenfold  in¬ 
crease  at  the  closest  point  (Babb  1982).  It  appears  that  the  strength  changes  may  be 
caused  by  a  combination  of  thermal  consolidation  and  alteration  of  illite  to  a  more 
smectite-rich  mineralogy  (Burkett  et  al.  1987).  Results  indicate  that  the  near-field  sedi¬ 
ment  around  the  heater  will  undergo  considerable  increase  in  shear  strength  and,  there¬ 
fore,  will  be  much  stiffer  than  sediments  in  the  far  field. 

The  original  plan  called  for  two  ISV  probes  on  the  ISHTE  platform.  The  two 
devices  were  to  be  coupled  to  a  single  microprocessor  and  power  unit.  One  probe  was  to 
be  used  in  the  far-field  sediment  before  emplacement  of  the  heater  to  obtain  a  baseline 
shear  strength  profile  at  the  actual  ISHTE  site.  The  final  plan  was  to  have  only  one  probe 
implanted  at  the  end  of  the  experiment  (1  year)  in  the  near-field,  heat-affected  sediment. 


Figure  38.  Undrained  shear  strength  plotted  against  depth  from  ISIMU  showing  increased  shear 
strength  in  heated  region.  EHS  was  the  electric  heat  source. 
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Figure  39.  Schematic  of  ISV  system. 


The  vane  shear  device  was  programmed  to  make  an  entire  series  of  measurements 
after  being  activated  by  the  central  control  system.  All  the  data  obtained  would  be  stored 
on  tape  in  the  control  housing,  and  a  smaller  data  set  would  be  sent  to  the  platform 
logger  for  transmittal  to  a  surface  ship  through  the  acoustic  link.  The  data  would  include 
torque  and  rotation  for  each  test  site  and  force  during  each  penetration  cycle.  From  these 
data,  the  following  geotechnical  information  can  be  determined: 

•  undrained  shear  strength  (from  maximum  torque) 

•  stress-strain  parameters,  such  as  elastic  and  shear  modulus  (from  torque- rotation 
data) 

•  residual  shear  strength  (from  large-deformation  torque  readings) 

•  penetration  resistance  (from  force  displacement  data) 

Twenty-two  ISV  measurements  at  progressively  greater  depths  were  to  be  recorded 
at  an  angle  of  ~15°  from  the  vertical  so  that  the  vane  would  pass  just  above  the 
midplane  of  the  heater  at  a  distance  of  1 .0  cm  from  the  hi  r  surface.  In  this  way,  a 
large  range  of  temperature  conditions  could  be  sampled  to  a  pth  of  -  1 .6  m. 

The  ISV  system  consisted  of  four  integrated  packages:  mechanical  system,  electrical 
controller  and  data  acquisition  system,  volume  compensator,  and  power  supply  (Fig.  39), 
T  he  system  could  be  operated  autonomously  with  its  own  power,  controller,  and  data 
acquisition  system.  In  ISHTE,  the  system  could  be  initiated  by  the  ISHTE  central  control 
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Figure  41.  Shear  strength  plotted  against  depth. 

number  of  sample  sites,  their  locations,  gear  ratios,  output  data  format,  and  the  like.  The 
microprocessor  also  interfaced  with  the  force  and  torque  transducers  in  the  mechanical 
housing  to  measure  the  penetration  force  and  shear  torque.  A  cassette  tapedeck  for  data 
storage  and  stepper  motor  drive  cards  were  in  the  same  pressure  housing  as  the  control¬ 
ler. 

Power  for  the  entire  system  was  provided  by  batteries  housed  in  a  0.43-m  diameter 
Benthos  glass  sphere.  The  sphere  contained  three  separate  battery  packs:  one  18-V  pack 
with  a  10- Ah  capacity  for  vane  electronics  and  two  18-V  packs  with  a  40-Ah  capacity  for 
the  motors  that  drove  the  system. 

The  ISV  system  was  fully  tested  on  the  1984  ISHTE  component  test  cruise  in  a 
water  depth  of  5850  m.  During  the  component  test  cruise,  the  platform  was  lowered 
twice.  For  this  test  the  ISV  was  vertical,  and  the  system  was  programmed  to  take  only 
10  measurements  in  the  1.4-m  depth.  The  ISV  performed  successfully  and  obtained  a 
full  data  set.  In  addition,  the  ISV  has  been  extensively  tested  and  calibrated  in  the 
laboratory.  An  algorithm  nas  been  developed  for  interpreting  data. 

The  results  of  ISV  measurements  during  the  ISHTE  component  test  cruise  arc  com¬ 
pared  with  results  of  shear  strength  measurements  on  two  hydrostatic  cores.  HLC-1  and 
HLC-2  in  Figure  41.  HLC-1  was  taken  on  the  same  lowering  as  the  ISV  measurements, 
and  HLC-2  was  taken  on  a  lowering  66  m  away.  The  strengths  of  the  two  hydrostatic 
cores  show  trends  similar  to  the  trend  of  the  ISV  for  most  of  the  1 .4-m  depth  measured. 
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The  ISV  profile  generally  shows  higher  strengths  than  the  values  obtained  from  the 
hydrostatic  cores,  however.  These  and  other  comparisons  indicate  that  the  in  situ 
strengths  are  15  to  40%  higher  than  in  good-quality  cores.  Some  of  the  extreme  variabil¬ 
ity  in  the  lower  parts  of  the  two  cores  does  not  show  up  in  the  ISV  profile.  It  is  likely 
that  the  lower  shear  strengths  in  the  cores  are  caused  by  disturbance  rather  than  by  actual 
sedimentary  conditions.  Additional  details  are  discussed  by  Silva  et  al.  (1985). 

Pore  Water  Sampling  Experiment 
Objectives 

The  objective  of  the  ISHTE  pore  water  sampling  experiment  was  to  define  the  chemical 
environment  of  the  near  field  to  a  waste  canister  after  sediment  heating  has  taken  place. 
Laboratory  studies  of  seawater-sediment  mixtures  have  been  limited  to  closed  systems. 
It  is  unclear  to  what  extent  the  results  can  be  used  to  predict  the  chemical  behavior  of  the 
open  system  that  would  exist  around  a  heat  source  emplaced  in  deep-sea  sediments.  At 
the  very  least,  ions  will  diffuse  into  and  out  of  the  near  field.  Advection  of  pore  fluids 
could  further  modify  the  chemistry  from  that  predicted  by  experiments  in  the  laboratory. 
Pore  water  samples  are  essential  for  understanding  chemical  processes  associated  with 
the  near-field  environment,  and  in  situ  measurements  would  help  establish  validity  for 
laboratory  studies  of  seawater-sediment- waste  package  interactions. 

In  addition  to  evaluating  the  chemical  environment  around  the  heat  source,  the  pore 
water  sampling  of  ISHTE  would  be  helpful  in  interpreting  the  results  of  the  ion  migra¬ 
tion  experiments,  especially  if  the  results  of  the  ion  migration  experiments  differ  signifi¬ 
cantly  from  the  results  of  laboratory  studies  and  tests  in  shallow-water  environments. 

Hardware 

The  pore  water  sampling  systems  were  mostly  based  on  standard  technology  and  re¬ 
quired  only  limited  special  consideration  for  use  on  ISHTE.  Two  pore  water  samplers 
were  utilized  on  the  platform:  one  for  near-field  samples  and  the  other  for  far-field 
samples  of  water  from  the  heated  volume  surrounding  the  heater.  The  far-field  sampler 
was  meant  to  provide  a  control  sample  and  lay  outside  the  5°C  isotherm.  The  near-field 
sampler  assembly  is  shown  schematically  in  Figure  42;  the  far-field  unit  was  analogous 
in  design.  The  near-field  unit  was  angled  22°  from  the  vertical  in  the  plane  of  the  heater 
to  intercept  the  heater  5  cm  above  the  midpoint  of  the  heat  source  (Figure  43);  the  far- 
field  unit  was  inserted  vertically  to  a  depth  of  60  cm. 

Samples  were  obtained  by  drawing  pore  fluid  into  the  samplers  through  filter  ele¬ 
ments  spaced  at  intervals  along  the  shaft.  The  suction  to  achieve  this  was  provided  by  a 
master  cylinder  that  was  springloaded  and  controlled  by  a  valve  on  the  high-pressure 
side  of  the  cylinder.  When  the  valve  was  opened  to  ambient,  suction  was  supplied  to 
each  filter  element  through  a  manifold.  Each  port  of  the  sampler  was  connected  to  a 
slave  cylinder  that  limited  volume  intake  at  each  port  to  21  mL.  The  extracted  pore 
fluids  were  led  to  these  cylinders  through  capillary  (0.030-in  internal  diameter)  tubes 
and  stored  in  them  for  analysis  once  the  platform  was  recovered  at  the  termination  of  the 
experiment.  The  filter  elements  were  sintered  Inconel  sleeves  with  nominal  pore  diame¬ 
ters  of  0.5  pm  and  an  outside  diameter  the  same  as  that  of  the  pore  water  probe  shaft. 
They  were  sealed  with  O  rings  on  the  inside.  The  near-field  unit  had  10  sample  ports, 
and  the  far-field  had  7.  The  concept  of  in  situ  filtration  of  pore  waters  has  been  used  for 
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Figure  42.  Schematic  drawing  of  near-fieid  pore  water  probe  and  implant  cylinder.  The  position 
of  the  probe  relative  to  the  heater  is  also  indicated.  (Units  are  in  inches). 

nearly  a  decade  in  the  collection  of  interstitial  solutions  free  of  artifacts  that  affect 
samples  collected  in  cores.  The  criteria  for  the  ISHTE  samples  were  similar  with  regard 
to  sample  collection  and  storage.  In  addition,  the  near-field  probe  was  designed  to 
withstand  sediment  temperatures  in  excess  of  250  °C.  Placement  of  the  near-field  sam¬ 
pling  probe  was  crucial  because  the  high-temperature  isotherms  are  closely  spaced. 
Location  had  to  be  within  0.5  cm  precision. 

The  implantment  equipment  for  pore  water  sampling  used  the  same  type  hydraulic 
actuation  as  the  ion  migration  equipment  and  the  same  computer  control  as  discussed 
elsewhere  in  this  report. 


Tests  and  Development 

The  first  test  of  the  pore  water  sampler  was  a  prototype  scaled  to  operate  in  the  lSIMll 
experiment.  This  unit  operated  as  designed  in  the  month-long  ISIMU  experiment.  Al¬ 
though  there  is  no  a  priori  method  of  determining  the  absolute  accuracy  of  the  samples 
collected  in  such  an  experiment,  the  marked  chemical  gradients  sampled  do  not  indicate 
sampling  artifacts.  Sampling  was  done  over  a  range  of  temperatures  from  ~200°  to 
~5°C  in  the  sediment.  The  results  identified  a  strong  effect  from  thermal  diffusion  that 
had  not  been  included  previously  in  seabed  near-field  considerations. 

The  first  deep-water  deployment  of  the  pore  water  sampler  was  on  the  chemistry 
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lowerings,  the  pore  water  system  worked  as  designed.  The  probe  was  implanted,  acti¬ 
vated,  and  retracted  back  into  the  platform. 

A  final  deployment  of  the  pore  water  sampler  in  deep  water  was  performed  on  the 
1985  ocean  test  cruise  to  MPG-I.  Both  the  near-field  and  the  far-field  probes  were 
mounted  on  the  ISHTE  platform  and  bench-tested  at  the  dock  in  Honolulu.  During  the 
platform  test  on  the  seafloor,  the  pore  water  sampler  was  not  supplied  with  an  initiation 
signal  from  the  platform  control  system.  Thus  no  water  samples  were  obtained  on  de¬ 
ployment.  Changes  will  need  to  be  made  to  the  implantment  and  retraction  control  valve 
system.  At  least  one  final  test  of  the  near-field  and  far-field  probe  should  be  performed 
from  the  fully  instrumented  ISHTE  platform  before  a  long-term  experiment  is  initiated. 

Posttest  Coring  Experiment 

Posttest  cores  were  planned  to  be  taken  as  part  of  ISHTE  for  laboratory  analysis.  Analy¬ 
sis  of  these  cores  would  help  determine  changes  in  sediment  characteristics  in  the  heat- 
affected  zone.  The  corns  would  be  situated,  subsampled,  and  tested  so  that  a  good 
representation  of  the  sediment  changes  can  be  determined.  Previous  laboratory  experi¬ 
ments  (Hadley,  McVey,  and  Morin  1980;  Babb  1982;  Sey fried  and  Thornton  1982)  have 
shown  significant  changes  in  physical  properties  and  mineralogy  resulting  from  the 
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Figure  43.  Location  of  near-field  pore  water  sampler  relative  to  predicted  isotherms  about  isotope 
heat  source. 
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heating  of  remolded  illite  sediment  up  to  400  °C  at  60  MPa.  Although  the  in  situ  changes 
may  not  be  of  the  same  magnitude  as  those  encountered  in  the  laboratory,  the  results  of 
these  previous  laboratory  experiments  indicate  that  a  detailed  analysis  of  sediment  prop¬ 
erties  in  the  heat-affected  zone  is  necessary. 

Five  large-diameter  cores  and  one  small-diameter  core  were  planned  to  be  taken  at 
various  locations  in  the  heat-affected  zone  once  the  experiment  was  completed.  These 
cores  were  to  be  recovered  with  the  platform.  In  addition,  two  larger-diameter  cores 
were  to  be  obtained  with  the  ion  migration  experiment. 

The  six  cores  were  oriented  so  that  a  continuous  radial  sample,  with  some  overlap, 
could  be  recovered  out  to  a  distance  of  32  cm,  with  two  additional  samples  being 
recovered  at  47  and  100  cm  from  the  heater  (Fig.  44).  Five  of  the  six  corers  were 
obtained  from  10-cm  diameter  hydrostatic  corers.  The  sixth  corer,  5  cm  in  diameter,  was 
attached  to  and  driven  with  one  of  the  hydrostatic  corers  (number  II).  The  intent  of  using 
the  smaller  corer  was  to  obtain  a  continuous  sediment  sample  right  along  the  sediment- 
heater  interface.  Because  this  sample  was  smaller  it  was  probably  disturbed  in  terms  of 
strength  properties,  but  the  material  should  be  representative. 

The  cores  were  extruded  hydraulically,  bottom  first.  As  the  core  was  extruded, 
undisturbed  samples  in  thin-walled,  stainless  steel  tubes  were  taken  with  a  special  piston 
core  subsampling  device.  These  undisturbed  samples  were  of  various  sizes  for  different 
geotechnical  tests  and  other  analyses  and  were  both  horizontally  and  vertically  oriented; 
the  horizontally  oriented  samples  were  used  for  analysis  of  anisotropy  effects.  Measure¬ 
ments  of  shear  strength  with  a  miniature  vane  shear  device  and  thermal  conductivity  with 
a  needle  probe  were  taken  while  the  sediment  was  still  in  the  core  tube.  Sampling  for 
water  content,  bulk  density,  and  classification  was  done  periodically  down  the  length  of 
the  core.  All  these  sampling  and  testing  procedures  were  successful  on  the  1984  compo¬ 
nent  test  cruise. 

The  laboratory  testing  program  for  the  acquired  samples  focused  on  the  physical  and 
chemical  properties  of  the  sediment  as  they  relate  to  sediment  and  canister  interaction. 
These  properties  include  shear  strength,  permeability,  compressibility,  creep,  thermal 
conductivity,  sediment  microstructure,  geochemistry,  and  ion  migration.  Laboratory 
tests  that  were  run  parallel  to  previous  tests  were  performed  for  comparison. 

Hydrostatic  cores  were  obtained  during  the  ISHTE  component  test  cruise  and  were 
subsampled  and  tested  in  the  manner  described  previously.  The  water  content  and  shear 
strength  results  shown  in  Figure  45  are  typical  profiles.  As  an  example,  the  HLC-1 
hydrostatic  core  yielded  13  shear  strength  measurements,  6  conductivity  measurements, 
and  numerous  water  content,  bulk  density,  and  classification  samples.  The  laboratory 
analysis  combined  with  the  in  situ  tests  provided  an  accurate  measurement  of  changes  in 
sediment  properties  in  the  heat-affected  zone. 


Isotropic  Heat  Source 

The  reasons  for  the  amount  of  thermal  power  (4.5  MW-h  of  total  thermal  energy) 
desired  for  the  ISHTE  (500  W)  and  the  duration  of  the  experiment  (1  year)  are  discussed 
elsewhere  in  this  report.  The  options  available  to  provide  such  power  are: 


•  batteries  such  as  those  used  in  normal  oceanographic  experiments 

•  fuel  cells  such  as  those  used  in  the  space  program 

•  exothermic  chemical  reactions 
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•  power  cables  to  the  shore  or  a  surface  buoy 

•  radioisotopic  thermal  power 

The  common  battery  energy  source  for  the  deep-ocean  application  comprises 
pressure-equalized  lead-acid  or  Ni-Cd  batteries.  Optimistic  calculations  showed  that  the 
in-air  weight  of  enough  such  batteries  to  provide  the  total  energy  required  would  be  2  x 
105  kg  (220  ton),  without  allowing  any  excess  energy  for  contingency  or  considering  that 
the  efficiency  of  the  battery  system  would  decay  over  the  duration  of  the  experiment. 
Neither  did  the  calculations  include  any  considerations  of  reliability.  Also,  the  transpor¬ 
tation,  handling,  and  deployment  problems  certainly  precluded  the  use  of  such  batteries 
on  the  small  platform  envisioned  for  ISHTE. 

WATER  CONTENT  {%>  SHEAR  STRENGTH  (kPa) 
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Figure  45.  Water  content  and  shear  strength  plotted  against  depth. 
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The  use  of  fuel  cells  or  exothermic  reactions  was  rejected  because  of  the  same  two 
major  limitations.  The  technology  to  operate  these  systems  at  high  ambient  pressure  is 
considered  at  best  state  of  the  art.  Inquiries  brought  responses  indicating  that  such 
operation  might  be  possible,  but  the  particulars  of  a  workable  design  were  not  known. 
Thus  the  cost  of  development  was  not  bounded,  and  all  indications  were  that  it  would  be 
high.  The  safety  and  reliability  of  the  systems  were  of  great  concern.  Handling,  storing, 
and  deploying  the  large  quantities  of  the  reactive  chemicals  required  would  present 
hazards  that  had  not  been  addressed  by  the  oceanographic  research  community.  Also, 
there  was  no  reasonable  way  to  test  these  systems  for  long-term  reliability  except  by 
costly,  long-term  deployment. 

Running  a  power  cable  from  an  energy  source  on  the  shore  or  on  a  surface  buoy  was 
deemed  impractical.  It  was  considered  mandatory  that  ISHTE  be  performed  at  high 
pressure  (typical  of  that  to  be  expected  in  the  anticipated  repository  sites)  and  that  the 
sediment  type  be  typical  of  the  red  clays  in  those  areas.  Details  of  the  nature  of  these  red 
clays  are  discussed  by  Bryant  and  Bennett  (1988).  No  sites  meeting  these  criteria  exist 
close  enough  to  a  shore  that  it  would  be  economically  feasible  to  run  a  power  scale. 

If  power  were  to  be  supplied  by  running  a  cable  to  the  ocean  floor  from  a  surface 
buoy,  the  power  would  be  generated  by  a  motor  generator  set  and  transmitted  to  the 
bottom  by  an  electrical-mechanical  cable.  Cost  and  reliability  were  the  deciding  factors. 
The  cost  to  keep  a  manned  ship  on  station  for  1  year  would  be  prohibitive.  Likewise,  the 
cost  of  mooring  an  unmanned  buoy  in  water  of  sufficient  depth  was  high,  and  the 
reliability  would  probably  be  quite  low.  Experience  has  shown  that  unmanned  buoys, 
particularly  of  the  size  required  here,  have  a  poor  record  of  staying  anchored  and, 
because  they  attract  the  attention  of  passing  ships,  are  subject  to  damage  or  pilfering. 
Also,  there  is  no  known  previous  experience  in  deploying  a  power  cable  to  these  ex¬ 
treme  depths  for  1  year.  This  would  be  another  open-ended  development  problem  with 
no  reasonable  cost  limit. 

The  only  alternative  left  for  providing  thermal  power  to  ISHTE  was  the  use  of 
radioisotopic  material.  This  source  is  already  considered  the  most  practical  when  energy 
is  needed  at  some  remote  location  or  in  a  particularly  hostile  environment.  In  such  cases 
the  power  needed  is  usually  electrical,  and  a  thermoelectric  generator  must  be  included 
in  addition  to  the  isotopic  power.  There  are  instances  (in  space  vehicles  in  particular) 
when  radioisotopic  power  is  used  to  provide  thermal  energy  to  protect  electronic  hard¬ 
ware  from  a  cold  environment. 

An  IHS  was  designed  on  the  basis  of  the  existing  technology  of  FSAs  as  used  in 
multihundred-watt  radioisotopic  thermoelectric  generators  for  space  flight  applications. 
Considerable  testing  has  been  done  to  qualify  the  FSA  for  space  flight  (General  Electric 
1977);  eventualities  considered  have  included  fire,  aborting  a  flight,  and  ocean  impact. 
The  use  of  FSAs  in  the  IHS  for  ISHTE  drew  heavily  on  previous  work. 

The  IHS,  which  contained  five  FSAs,  is  shown  in  Figure  46.  Each  FSA  had  a 
thermal  output  of  100  W,  for  a  total  of  500  W,  and  was  composed  of  a  3.72-cm  diameter 
PuO,  sphere  (80.2%  22SPu)  encased  in  a  thin  Ir  shell.  An  external  graphite  impact  shell 
around  this  assembly  provided  additional  protection.  The  use  of  Inconel  625  was  dic¬ 
tated  by  its  combination  of  high-temperature  strength  and  corrosion  resistance.  The 
necessary  conditions  for  the  IHS  were  59  MPa  external  pressure  and  a  maximum  tem¬ 
perature  of  400°C.  Stress  analysis  of  the  IHS  design  was  completed,  and  an  unfueled 
prototype  was  fabricated  at  Monsanto  Research  Corporation  and  tested  at  Battelle  Co¬ 
lumbus  Laboratory.  The  test  conditions  included  a  maximum  external  pressure  of  76 
MPa  at  515°C;  no  yielding  was  indicated. 
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Figure  46.  ISHTE  IHS. 

ISHTE  Simulation  Experiment  (ISIMU) 

One  of  the  most  significant  events  that  occurred  on  the  ISHTE  project  was  the  planning, 
preparation,  and  completion  of  ISIMU.  This  simulation  was  a  0.2387  :  1 .0-scale  ISHTE 
conducted  in  the  large  pressure  vessel  at  David  Taylor  NSRDC  in  Annapolis,  Maryland 
during  the  latter  part  of  1981.  The  following  reasons  dictated  that  this  laboratory  simula¬ 
tion  be  performed  before  the  complex,  long-term  ISHTE  was  fielded: 

(1)  Such  a  simulation  would  help  ensure  the  success  of  ISHTE  by  uncovering  unan¬ 
ticipated  responses  as  well  as  by  checking  the  validity  of  the  ISHTE  experiment 
concept. 

(2)  Good  correlation  between  the  smaller-scale  laboratory  simulation  and  ISHTE 
would  lend  credence  to  laboratory-scale  testing  of  other  SDP  thermal  problems. 

(3)  The  simulation  experiment  would  provide  an  opportunity  to  test  several  proto¬ 
type  ISHTE  components  at  deep-ocean  pressure  and  temperature. 

The  pressure  vessel,  containing  a  tank  of  reconsolidated  sediment,  was  maintained 
at  55  MPa  and  4°C  to  simulate  in  situ  deep-ocean  conditions.  One  month  was  the  longest 
that  these  constant  environmental  conditions  could  be  maintained.  This  resulted  in  a 
scale  factor  of  0.2387  :  1 .0.  With  this  scale  factor,  the  boundaries  of  a  1-m  diameter  by 
1-m  deep  sediment  tank  had  little  effect  on  the  thermal  response  of  the  heater  and 
sediment.  Figure  47  shows  predicted  comparison  plots  of  the  isotherms  for  ISHTE  and 
ISIMU.  Note  that  the  ISIMU  calculations  show  a  change  in  shape  of  the  outer  isotherms 
because  of  the  finite  tank  boundaries.  It  is  obvious,  however,  that  the  relative  shapes  of 
the  isotherms  inside  the  20  °C  isotherm  are  similiar. 

A  top  tank  above  the  sediment  tank  provided  a  seawater  cover  over  the  sediment  and 
allowed  the  use  of  freshwater  in  the  pressure  vessel.  Figure  48  shows  the  schematic  of 
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the  ISIMU  experiment.  Sediment  dredged  from  the  proposed  ISHTE  test  site,  MPG-I, 
was  processed  and  then  reconsolidated  over  a  10-week  period  to  approximate  in  situ 
overburden  pressure  (Silva,  Jordan,  and  Levy  1982;  Silva  et  al.  1982).  A  heater  probe, 
various  thermal  sensors,  a  line-source  thermal  conductivity  probe,  pore  pressure  probes, 
and  a  pore  water  sampling  probe  were  inserted  into  the  reconsolidated  prepared  sedi¬ 
ment.  A  displacement  device  measured  the  motion  of  the  sediment-water  interface,  and  a 
vane  shear  measured  the  sediment  shear  strength.  Closed-circuit  television  monitored  the 
experiments. 

An  initial  power  of  115  W  was  supplied  to  the  heater  until  essentially  steady-state 
conditions  had  been  attained  after  a  period  of  9  days.  This  power  level  was  scaled  to 
reflect  the  400-W  power  initially  anticipated  for  ISHTE.  The  maximum  heater  tempera¬ 
ture  produced  at  this  power  level  was  ~210°C,  which  was  roughly  25%  lower  than  the 
pretest  prediction  based  on  initial  measurements  of  the  thermal  conductivity.  To  produce 
a  maximum  heater  temperature  close  to  that  predicted  for  the  ISHTE,  the  power  level 
was  increased  to  160  W  9  days  into  the  test.  At  this  power,  a  maximum  steady-state 
heater  temperature  of  ~290°C  was  produced.  The  power  was  maintained  constant  at 
this  heater  power  level  for  the  remainder  of  the  1 -month  duration  of  the  experiment.  A 
period  of  1  month  was  selected  to  represent  a  scaled  time  of  1  year  for  the  ISHTE  and  to 
allow  sufficient  time  for  chemical  changes  in  the  sediment-seawater  system  to  progress 
to  an  observable  level.  On  termination  of  the  experiment  a  thorough  posttest  inspection 
was  conducted,  thermal  conductivity  measurements  were  made,  and  numerous  cores 
were  taken  for  subsequent  analysis.  Initial  evaluations  indicated  that  all  instrumentation 
functioned  properly  throughout  the  test.  A  preliminary  data  transmittal  report  that  sum¬ 
marizes  the  important  aspects  of  the  experiment  has  been  prepared  by  APL  (Miller, 
Miller,  and  Olson  1982). 

The  primary  objectives  of  the  experiment  were: 

•  to  determine  transient  temperature  distribution  in  the  sediment 

•  to  measure  the  effective  thermal  conductivity  of  the  sediment 

•  to  measure  transient  pore  pressure 

•  to  measure  transient  sediment  response  to  the  applied  pressure 


Figure  47.  Comparison  of  thermal  fields  for  ISHTE  and  ISIMU. 
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Figure  48.  Schematic  view  of  ISIMU. 

•  to  measure  sediment  shear  strength 

•  to  study  pore  water  chemistry 

During  ISIMU  it  was  observed  that,  for  a  given  heater  power  level,  the  maximum 
heater  temperature  was  -25%  lower  than  predictions  based  on  pretest  measurements  of 
sediment  properties.  It  was  originally  conjectured  that  this  behavior  could  be  attributed  to: 

•  measurement  errors  (temperature  or  thermal  conductivity) 

•  thermally  induced  convection  or  pore  fluid 

•  nonhomogeneity  of  the  sediment  (thermally  induced  porosity  or  structural 
changes) 

•  local  fluidization  of  sediment  near  the  heater 

•  thermal  energy  transport  due  to  concentration  gradients  (Dufour  effect  or  diffu- 
sional  transport) 

•  temperature-  and  pressure-dependent  sediment  properties  (water  or  sediment) 

•  thermal  conduction  in  the  implant  cylinder  (possible  convection  in  the  cylinder) 

•  convection  transport  of  thermal  energy  in  annular  gaps  or  radial  cracks  near  the 
heater  and  implant  cylinder 
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A  small-scale  experiment  was  conducted  by  SNLA  to  investigate  further  the  under¬ 
lying  reasons  for  the  discrepancy  (Percival  1985b).  The  experiments  were  conducted 
with  the  same  heater  assembly  and  sediment  originally  used  in  IS1MU  at  Annapolis.  The 
heater  assembly  was  implanted  vertically  in  reconsolidated  illite  sediment,  which  was 
consolidated  in  a  manner  similar  to  that  used  in  the  original  ISIMU.  The  major  differ¬ 
ence  in  the  two  experiments  was  that  the  studies  at  SNLA  were  conducted  at  atmospheric 
pressure  and  temperature  whereas  those  at  Annapolis  involved  conditions  (55  MPa  and 
4°C)  closely  approximating  the  ambient  environment  of  the  seafloor.  Consequently,  the 
studies  at  SNLA  were  conducted  at  a  significantly  lower  power  level  to  prevent  boiling 
in  the  sediment.  The  thermal  conductivity  of  the  sediment  prepared  was  within  3%  of  the 
thermal  conductivity  measured  in  the  original  ISIMU  experiment.  Likewise,  the  perme¬ 
ability  of  the  sediment  was  within  the  range  of  values  normally  quoted  for  illite  sedi¬ 
ments.  In  all  important  features,  the  experiments  performed  at  SNLA  produced  thermal 
responses  essentially  identical  to  those  observed  previously  at  Annapolis. 

Observations  during  the  SNLA  experiments  suggested  that  a  significant  portion  of 
the  electrical  power  supplied  to  the  hea'C'  was  being  dissipated  by  resistance  heating  in 
the  portion  of  the  sheathed  heating  element  that  was  exterior  to  the  heater  block.  It  was 
found  that  the  resistance  of  the  primary  heating  element  (which  fit  in  the  heater  block) 
was  0.602  0  at  23 °C.  The  total  electrical  resistance  of  the  entire  sheathed  heating 
element  assembly  (consisting  of  the  primary  heating  element,  Ni  alloy  leads,  and  Cu 
leads)  was  0.831  Q.  Hence  27.6%  of  the  total  dc  electrical  power  supplied  to  the  heater 
was  dissipated  by  resistance  heating  in  the  leads  to  the  primary  heating  element.  It  was 
further  observed  that  the  heating  element  did  not  occupy  the  entire  length  of  the  heater 
block  and  was  slightly  asymmetrically  located  in  the  block. 

The  correct  power  distribution  and  heater  block  geometry  were  incorporated  in  the 
numeric  simulation.  It  was  assumed  that  the  distribution  in  the  heater  used  in  both  the 
SNLA  and  the  ISIMU  experiments  was  the  same  as  that  determined  for  the  back-up 
heating  element  assembly.  This  refinement  in  detail  resulted  in  an  accurate  prediction  of 
the  heater’s  thermal  response  for  both  experiments. 

On  the  basis  of  the  results  of  the  SNLA  studies,  numeric  predictions  for  the  temper¬ 
ature  distribution  were  made  with  the  finite-element  thermal-conduction  computer  pro¬ 
gram  COYOTE  (Gartling  1982).  To  describe  the  results  of  this  simulation  as  briefly  as 
possible,  only  the  steady-state  results  for  a  total  power  of  115  W  are  considered.  The 
results  of  the  simulation  are  thus  compared  with  the  experimental  data  obtained  8  days 
23  hours  after  the  initiation  of  heating  in  ISIMU.  These  were  the  last  data  obtained 
before  the  total  heater  power  was  increased  to  160  W.  In  Figure  49,  the  measured 
temperature  profiles  are  compared  to  the  predicted  profiles.  The  predicted  temperatures 
generally  agree  with  measured  values  to  within  10%  for  the  higher  temperatures.  The 
larger  differences,  which  occurred  at  the  lower  temperatures,  can  be  attributed  to  the 
lower  accuracy  associated  with  the  measurement  of  these  quantities.  It  should  also  be 
noted  that  the  temperature  distribution  on  the  heater  was  accurately  predicted. 

It  is  concluded  that  the  insertion  of  the  heater  assembly  into  reconsolidated  illite 
sediment  did  not  alter  the  sediment  in  the  vicinity  of  the  heater  assembly  (Burkett  et  al. 
1987).  Hence  it  is  now  believed  that  the  thermophysical  properties  of  the  sediment  are 
unaffected  by  the  insertion  of  the  heater  assembly  and  that  any  thermally  induced  fluid 
motion  that  may  exist  in  the  sediment  is  too  weak  to  alter  the  thermal  field  established  by 
conduction.  The  good  correlation  between  the  predicted  and  measured  values  of  temper¬ 
atures  in  the  sediment  indicates  that  the  possible  disturbances  of  the  temperature  field 
must  be  of  insignificant  magnitude. 
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Results  from  ISHTE  reveal  complex  alteration  and  mass-transport  processes  due  to 
thermal  diffusion,  convection,  and  solution  mineral  equilibria.  Sediments  altered  at  tem¬ 
peratures  <170°C  remained  unconsolidated  even  though  important  mineralogic  and 
chemical  changes  occurred.  For  example,  sediments  from  the  hottest  portion  of  this 
unconsolidated  zone  exhibited  the  formation  of  chlorite  and  calcite  and  dissolution  of 
Na-  and  K-rich  mineral  phases.  Pore  fluids  were  characterized  by  compositional  gradi¬ 
ents,  including  large  decreases  in  Na+,  Cl“,  Mg2+,  Ca2  +  ,  and  S02'4  with  increasing 
temperature.  These  changes  are  consistent  with  thermodiffusional  transport  (the  so- 
called  Soret  effect)  and  rock- water  interaction.  Cl  ~  was  the  only  component  unaffected 
by  rock-water  interaction  and  responded  only  to  thermodiffusional  processes. 

At  temperatures  of  alteration  >170°C,  a  baked  zone  formed.  The  consolidated 
nature  of  this  zone  appears  to  have  resulted  from  extensive  secondary  mineralization,  the 
most  important  being  analcime  formation.  The  sediment-water  content,  however,  instead 
of  decreasing  as  one  might  expect,  actually  showed  an  increase  of  ~20%  relative  to  that 
of  unaltered  sediment.  Apparently  this  was  due  to  the  existence  of  water- filled  micro- 
cracks.  These  cracks  may  have  initially  resulted  from  sediment  deformation  associated 
with  heat  probe  emplacement  in  the  sediment  but  were  maintained  and  possibly  enlarged 
by  dissolution  of  selected  minerals  in  sea-salt  solution  convectively  circulating  near  the 
heat  source.  Some  microchannels  were  observed  by  transmission  electron  microscopy 
analyses  (Burkett  et  al.  1987,  in  press). 

Convective  circulation  of  the  sea-salt  solution  in  the  immediate  vicinity  of  the  heat 
source  occurred  on  a  relatively  large  scale.  For  example,  mass-balance  constraints  indi¬ 
cate  that  -  64 1  effective  volumes  of  the  sea-salt  solution  passed  through  this  baked  zone 


Figure  49.  ISHTE  simulation  isotherms. 
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during  the  30-day  experiment.  In  addition  to  supplying  Na  for  analeime  formation,  sea- 
salt  solution  convection  resulted  in  nearly  total  elimination  of  quartz  as  a  reactant  in 
sediment  immediately  adjacent  to  the  heat  source.  Circulation  of  solutions  having  rela¬ 
tively  low  concentrations  of  Si02  caused  chlorite  to  form  at  the  expense  of  smectite. 
Mineralogic  and,  to  some  extent,  chemical  changes  in  baked-zone  sediments  from 
ISIMU  are  similar  to  those  recorded  for  sediments  in  contact  with  dolorite  sills  in  the 
Guaymas  Basin  of  the  Gulf  of  California. 

Results  from  the  ISIMU  experiment  must  be  cautiously  applied  to  subseabed  dis¬ 
posal  concepts  because  we  are  unsure  of  the  likelihood  of  seawater  convection  near  a 
buried  waste-containing  canister.  If  convection  occurs,  it  is  localized  and  closed  to  re¬ 
charge  pathways;  if  convection  does  not  occur,  the  pH  of  the  near-field  hydrothermal 
fluid  at  temperatures  >250°C  will  be  mildly  acidic.  The  redox  intensity  will  be  con¬ 
strained  by  sediment  chemistry  and  mineralogy. 


Component  Test  Cruise 

The  component  test  cruise  (Percival  1985a)  was  a  deep-ocean  test  of  ISHTE  components 
before  the  total  ISHTE  platform  was  assembled.  The  principal  purposes  of  the  test  were 
to  evaluate  the  operation  of  the  various  components  at  the  proposed  water  depths  and  to 
check  the  interfaces  between  the  experimental  components  and  the  platform  controller 
and  data  acquisition  systems.  The  successful  completion  of  component  testing  was  nec¬ 
essary  to  continue  developing  ISHTE  with  confidence.  During  this  cruise,  values  of  in 
situ  sediment  properties  were  obtained  for  finalizing  the  ISHTE  design. 

The  ISHTE  components  were  tested  with  two  separate  platforms.  Tlv*  'nabled 
personnel  to  test  one  set  of  ISHTE  hardware  while  another  set  was  being  prepared  for 
testing.  The  actual  ISHTE  platform  was  to  have  redundant  platform  controller  and  data 
acquisition  systems.  Both  systems  were  available  for  the  component  test  cruise.  Each 
test  platform  used  one  of  the  ISHTE  platform  controller  and  data  acquisition  systems  to 
interface  with  the  experiments.  One  platform,  the  small  one.  was  used  to  test  the  geo¬ 
chemistry  experiments.  The  other  platform,  the  large  one.  was  used  for  all  other  experi¬ 
ments. 

There  were  two  significant  disappointments  with  regard  to  the  operation  of  the 
ISHTE  tests:  failure  of  the  battery  system,  and  limitation  in  the  range  of  the  acoustic 
telemetry  system 

There  was  a  failure  of  the  battery  system  being  used  to  power  the  heater  This 
system  was  not  part  of  the  ISHTE  platform  but  was  included  to  test  the  thermal  sensors 
on  the  heater.  The  failure  of  the  battery  system  did  not  represent  a  failure  of  a  regular 
ISHTE  component,  but  it  did  limit  the  testing  that  was  scheduled  for  the  thermal  sensors. 
All  other  indications  suggested  that  the  sensors  worked  properly.  There  were  other 
minor  electrical  problems  that  were  probably  the  result  of  stray  clectri  al  currents 
caused  by  the  battery  failure.  These  were  corrected  and  did  not  compromise  the  test. 

The  second  disappointment  was  a  limitation  in  the  range  through  which  the  acoustic 
telemetry  system  would  send  data  to  the  ship  The  limitation  was  apparently  due  to 
background  acoustic  noise  originating  in  the  ship  Previous  measurements  of  the  acous¬ 
tic  background  for  the  R.  V.  Melville  indicated  that  sending  acoustic  signals  between  the 
platform  and  the  ship  would  not  be  a  problem.  During  the  component  test  cruise  it  was 
found  that  data  could  not  be  sent  reliably  from  the  platform  to  the  ship  Once  it  was 
discovered  that  signals  could  be  sent  to  the  platform,  however,  the  tests  were  conducted 
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as  planned.  The  data  were  recovered  from  the  platform  at  shallower  depths  and  on  the 
deck  of  the  ship. 

The  overall  platform  system  performed  extremely  well,  particularly  the  command 
and  control  systems,  which  had  not  been  tested  before  in  the  deep-ocean  environment. 
The  software  to  interface  the  various  experiments  with  the  ISHTE  platform  was  found  to 
be  user  friendly  and  essentially  bug  free.  The  command,  control,  and  data  acquisition 
interfaces  to  the  platform  worked  well.  All  the  piezometer  probes  produced  good  raw 
data.  The  data  were  analyzed  for  detail  that  could  help  define  the  character  of  the  in  situ 
sediment. 

Three  cores  were  taken  with  the  ISHTE  hydrostatically  actuated  corers  on  the  large 
platform.  These  cores,  along  with  three  of  the  box  cores  taken  by  biologists  from 
Scripps  Institution  of  Oceanography,  were  processed  on  board  the  ship.  Shear  strength 
and  water  content  profiles  for  the  three  ISHTE  cores  were  obtained  as  well  as  a  signifi¬ 
cant  number  of  undisturbed  samples  for  laboratory  analysis  and  testing. 

The  ISV  system  worked  on  the  first  lowering  of  the  large  platform.  The  shear 
strength  for  the  sediment  as  determined  in  situ  was  compared  to  the  data  from  the  three 
hydrostatic  cores.  The  in  situ  measurements  gave  a  higher  value  for  shear  strength  than 
that  obtained  from  the  cores. 

Several  thermal  experiments  were  conducted  on  the  component  test  cruise.  The 
thermal  conductivity  of  the  illitic  sediment  in  MPG-I  was  measured  both  in  situ  and  in 
the  processed  cores.  The  in  situ  value  was  0.91  W/m  •  K.  The  values  measured  in  the 
cores  ranged  from  0.88  to  0.97  W/m  •  K.  These  values  agree  favorably;  they  are 
slightly  lower  than  the  values  measured  for  reconstituted  illite  in  the  laboratory. 

One  of  the  ISHTE  thermal  probes  was  used  to  measure  the  thermal  gradient  in  the 
sediment.  These  measurements  were  used  along  with  the  thermal  conductivity  to  predict 
the  naturally  occurring  heat  flux  in  the  MPG-I  region.  The  value  obtained  was  1.4 
cal/cm2  •  s.  This  compares  favorably  with  the  previously  measured  values  of  1.24  to 
1.70cal/cm2  ■  s. 

Ocean  Test  Cruise 

The  objective  of  the  ocean  test  cruise  (Percival  1986a)  was  to  perform  a  test  of  the 
complete  ISHTE  platform  with  time  for  modifications  before  the  1-year  experiment.  The 
plan  for  the  cruise  was  to  deploy  the  ISHTE  platform  twice,  with  time  between  to 
correct  problems  from  the  first  lowering.  During  these  deployments  all  various  ISHTE 
systems,  including  the  deployment  and  recovery  system,  were  to  be  tested.  The  software 
program  to  operate  the  platform’s  control  system  was  to  be  exercised  by  using  abbrevi¬ 
ated  ISHTE  sequences.  On  each  lowering,  the  heater  was  to  provide  power  for  only  8 
hours;  thus  electrical  heater  and  battery  power  could  be  substituted  for  the  IHS  of 
ISHTE. 

The  final  preparation  for  the  cruise  and  the  first  assembly  of  the  equipment  on  the 
ISHTE  platform  were  completed  at  the  staging  area  in  Hawaii.  This  operation  went 
smoothly  and  on  schedule.  Loading  on  the  ship  and  final  checkout  of  the  ISHTE  plat¬ 
form  began  on  9  September  1985. 

Nine  days  were  spent  on  station.  The  first  3  days  were  spent  deploying  the  acoustic 
tracking  system,  testing  some  ISHTE  components  (in  5800  m  of  water)  on  a  line,  and 
preparing  the  ISHTE  platform  for  deployment.  Deployment  began  with  the  launch  of  the 
ground  line  for  the  back-up  recovery  system.  After  the  6400  m  of  ground  line  was 
deployed,  the  platform  was  attached  and  lowered  to  the  sea  floor.  It  took  19  hours  to 
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fully  deploy  the  ISHTE  system  in  5900  m  of  water  (see  Figure  9).  The  deployment 
configuration  was  perfect,  and  the  locations  of  the  platform  and  ground  line  were  exactly 
as  planned. 

Because  this  was  the  first  test  of  the  system,  the  nylon  line  used  to  lower  the 
platform  was  secured  to  the  ship  while  the  platform  was  tested  on  the  sea  floor.  The  plan 
was  to  test  the  release  on  the  platform  at  the  end  of  the  operation  and  to  allow  the 
recovery  line  to  feed  out  of  the  line  bin.  The  end  of  the  line  from  the  bin  was  attached 
securely  to  the  platform  for  recovery.  After  5  hours  of  a  planned  18. 5-hour  operational 
test  of  the  platform,  the  acoustic  command  link  stopped  functioning.  The  hydraulic 
release  on  the  platform  could  not  be  commanded  to  operate  and  so  had  to  be  used  to  raise 
the  platform  to  the  surface.  As  the  platform  was  held  at  the  surface  during  recovery,  the 
release  malfunctioned. 

The  platform  was  dropped  to  the  ocean  floor  with  the  ground  line  still  deployed  and 
the  associated  acoustic  transponders  in  working  condition.  The  acoustic  transponder  at 
the  midpoint  of  the  ground  line  was  tracked  acoustically  during  the  fall.  By  using  the 
ship’s  location  at  the  time  of  the  fall  and  the  final  location  of  the  transponder  and  the 
lengths  of  line  involved,  it  was  possible  to  plot  the  location  of  the  platform  on  the  bottom 
and  the  new  orientation  of  the  ground  line. 

By  this  time,  the  entire  ISHTE  crew  was  tired  from  three  continuous  days  of  opera¬ 
tion,  and  everything  seemed  to  be  secure.  While  the  ISHTE  crew  rested,  the  ship  was 
used  by  a  group  of  biologists  for  a  deep-towed  camera  operation.  The  recovery  of  the 
platform  would  be  accomplished  the  next  morning  by  acoustically  releasing  the  ground 
line. 

Early  the  next  day  the  ship  was  positioned  over  the  ground  line  anchor,  and  the 
acoustic  releases  were  actuated  to  drop  the  anchor.  The  ground  line  was  not  expected  to 
reach  the  surface  for  at  least  4  hours  because  of  drag.  Instead,  the  floats  broke  the 
surface  in  just  over  1  hour.  The  line  was  hauled  in  with  little  tension.  After  600  m.  the 
cut  end  of  the  ground  line  was  hauled  aboard.  All  indications  were  that  the  biology 
camera  tow  had  crossed  the  ISHTE  ground  line  and  cut  it.  The  transponder  on  the  back¬ 
up  recovery  line  was  still  functioning  and  indicated  that  the  ground  line  was  in  a  taut 
moor  above  the  platform. 

Preparations  were  made  to  grapple  for  the  recovery  line.  The  grappling  system 
consisted  of  a  69-kg  grapnel  hook  with  a  186-kg  ball  1  m  below  it.  An  acoustically 
tracked  object  was  placed  250  m  above  the  grapnel.  A  spare  tracked  object  was  located 
50  m  above  the  first.  The  tracked  objects  allowed  the  grapnel  to  be  tracked  with  respect 
to  the  platform  and  the  recovery  line. 

The  grapnel  was  towed  along  the  bottom  for  24  hours,  the  ship  making  six  circles 
about  the  taut  moor  and  the  platform.  The  grapnel  was  then  retrieved  and.  with  it.  the 
end  of  the  back-up  recovery  line.  With  this  line  the  platform  was  recovered.  This  epi¬ 
sode  indicates  that  with  an  accurate  navigational  system  and  tracked  objects  an  ISHTE- 
type  platform  can  probably  be  recovered  from  the  sea  floor  under  most  circumstances. 
More  extensive  testing  of  the  back-up  recovery  modes  for  ISHTE  was  performed  than 
was  planned. 

The  time  required  to  drop  and  recover  the  platform  prevented  a  second  full  deploy- 
men*.  of  ISHTE.  Of  the  platform  systems  tested,  most  performed  satisfactorily.  Except 
for  the  acoustic  telemetry,  it  was  fairly  obvious  what  caused  malfunctions  in  one  camera 
system,  the  heater  implantment  system,  the  recovery  line  release,  and  the  chemistry 
experiments.  These  problems  could  be  corrected  with  fair  confidence,  but  the  acoustic 
telemetry  link  problem  is  more  difficult  because  it  started  working  again  at  3  km  when  it 
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was  turned  on  during  recovery.  The  remainder  of  the  cruise  time  was  spent  testing  this 
acoustic  telemetry  system  on  a  line  at  depth.  It  operated  satisfactorily  to  the  full  depth  of 
the  ocean  when  separate  from  the  platform.  The  best  guess  is  that  the  transducers,  which 
were  floated  above  the  platform,  had  a  geometry  problem  with  respect  to  the  instruments 
on  the  platform. 

After  the  cruise,  some  minor  design  flaws  were  found  in  the  acoustic  system  hard¬ 
ware;  these  have  been  corrected,  but  we  have  no  clear  answer  about  the  reason  for  the 
failure.  An  additional  test  of  a  fully  instrumental  platform  must  be  performed  before  an 
ISHTE-type  system  can  be  deployed.  In  summary,  the  ocean  test  cruise  seemed  to  be 
successful  in  demonstrating  the  ability  to  field  a  complex  ISHTE  platform  in  the  deep 
ocean  and  to  recover  the  equipment.  Valuable  data  were  recovered  on  thermal  conductiv¬ 
ity  of  the  in  situ  sediment  and  the  pore  pressure  response  to  driving  probes. 

Concluding  Remarks 

This  report  is  a  description  of  the  final  status  of  ISHTE,  which  had  been  under  develop¬ 
ment  by  the  SDP  for  9  years  (1978  to  1986).  The  work  was  a  joint  effort  by  several 
institutions  and  thus  is  not  intended  to  relate  the  evolution  of  ISHTE.  These  details  can 
be  found  in  the  SDP  Annual  Reports  for  the  years  1978  through  1986  and  in  the  minutes 
of  the  ISHTE  Project  Planning  Group  Meetings.  Many  other  reports  and  papers  have 
been  written  that  cover  the  details  of  ISHTE.  Many  of  these  reports  are  included  in  the 
reference  section. 

Much  effort  has  gone  into  ISHTE  over  the  past  years,  and  many  new  ideas  and 
concepts  related  to  ocean  engineering  and  marine  science  have  been  developed  and 
tested.  Each  individual  system  on  ISHTE  represents  state-of-the-art  technology  and  re¬ 
quired  significant  analysis,  engineeri.ig,  and  testing.  The  success  of  ISHTE  is  actually  a 
summation  of  the  successes  of  the  many  systems  that  make  up  ISHTE.  The  major  testing 
milestones  for  ISHTE  are  listed  below: 

•  4/80  Site  selection  cruise:  Bathemetry  and  coring 

•  7/80  Tracking  system  test  cruise:  Test  tracking  and  deploying  long-term 

mooring 

•  5/81  Coring  system  test  cruise:  Test-coring,  acoustic  telemetry,  and  recover¬ 

ing  long-term  test  mooring 

•  12/81  ISIMU:  Long-term  laboratory  testing  of  experimental  concept 

•  9/84  Component  test  cruise:  Testing  of  individual  components  interfaced 

with  controller  and  data  loggers 

•  9/85  Ocean  test  cruise:  Completing  test  of  ISHTE  including  deployment  and 

recovery  systems 

The  future  milestones  for  ISHTE  were: 

•  FY87  Deployment:  Deploying  ISHTE  for  1  year  with  isotopic  heater;  begin¬ 

ning  data  acquisition  by  means  of  telemetry 

•  FY88  Recovery:  Recovering  ISHTE  and  making  a  laboratory  analysis  of  sam¬ 

ples 

•  FY89  Analysis:  Data  analysis  and  reporting 

With  the  completion  of  the  ocean  test  cruise,  the  various  systems  for  ISHTE  were 
evaluated  with  regard  to  their  readiness  for  long-term  deployment.  Some  systems  had 
deficiencies  that  need  to  be  corrected.  It  was  felt  by  the  ISHTE  Project  Planning  Group 
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that  an  additional  ocean  test  of  the  complete  ISHTE  with  an  electric  heater  is  quite 
important  and  could  provide  a  high  level  of  confidence  for  a  1-year  deployment. 

During  the  November  1985  to  March  1986  time  frame,  the  future  of  ISHTE  and  the 
SDP  was  debated.  The  decision  was  that  the  SDP,  and  thus  ISHTE,  would  be  terminated 
at  the  end  of  September  1986.  Because  of  this  termination  date,  it  would  not  be  possible 
to  complete  any  significant  further  testing  of  ISHTE  components.  The  time  since  the 
announcement  of  the  termination  has  been  spent  evaluating  the  data  from  the  ocean  test 
cruise,  reworking  some  components,  and  writing  the  final  reports. 

Even  though  the  major  goal  of  ISHTE  to  deploy  the  experiment  for  1  year  on  the 
seafloor  was  never  accomplished,  the  project  had  a  lot  of  success  with  state-of-the-art 
equipment.  These  new  deep-water  tools  were  all  developed  and  tested  in  the  field  with  a 
high  degree  of  success  for  most  systems.  In  addition,  the  project  has  gathered  a  fair 
amount  of  in  situ  data  on  seafloor  sediments  and  has  demonstrated  that  meticulous 
experiments  can  be  performed  in  the  great  depths  of  the  abyssal  plains.  To  date,  the  data 
gathered  have  reinforced  and  refined  the  values  for  sediment  properties  used  in  labora¬ 
tory  models  and  in  computer  codes.  No  unanticipated  phenomena  have  been  uncovered 
with  the  work,  but  working  in  the  field  has  provided  valuable  insight  into  the  problems 
that  need  to  be  solved  for  reliable  operations  in  a  hostile  environment.  No  in  situ  data 
have  been  obtained  on  how  inhospitable  the  environment  will  be  when  the  sediment  is 
heated  to  several  hundred  degrees  for  several  months. 
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